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Abstract

Caspases are evolutionarily conserved proteins essential for driving cell death in development and host defense. Caspase-8, a key member of the caspase
family, is implicated in nonlytic apoptosis, as well as lytic forms of cell death. Recently, caspase-8 has been identified as an integral component of
PANoptosomes, multiprotein complexes formed in response to innate immune sensor activation. Several innate immune sensors can nucleate
caspase-8—containing PANoptosome complexes to drive inflammatory lytic cell death, PANoptosis. However, how the evolutionarily conserved and
diverse functions of caspase-8 drive PANoptosis remains unclear. To address this, we performed evolutionary, sequence, structural, and functional
analyses to decode caspase-8's complex-forming abilities and its interaction with the PANoptosome adaptor ASC. Our study distinguished distinct
subgroups within the death domain superfamily based on their evolutionary and functional relationships, identified homotypic traits among subfamily
members, and captured key events in caspase evolution. We also identified critical residues defining the heterotypic interaction between caspase-8's
death effector domain and ASC'’s pyrin domain, validated through cross-species analyses, dynamic simulations, and in vitro experiments. Overall, our
study elucidated recent evolutionary adaptations of caspase-8 that allowed it to interact with ASC, improving our understanding of critical molecular
associations in PANoptosome complex formation and the underlying PANoptotic responses in host defense and inflammation. These findings have
implications for understanding mammalian immune responses and developing new therapeutic strategies for inflamnmatory diseases.
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Introduction functioning as self-association and protein—protein interaction
modules (Park et al. 2007; Hofmann 2020). Mammalian
CASPs retain CARD and DED domains for scaffolding in cell
death pathways (Kersse et al. 2011). CASP1“ARP_ASCCARP
interactions are central to inflammasome formation for lytic
cell death (Martinon et al. 2002) and CASP8PEP-FADDPEP
(Fas-associated DD) interactions are known in apoptosis

(Chinnaiyan et al. 1995; Boldin et al. 1996; Muzio et al.

Innate immunity forms the first line of defense against infec-
tion and disease (Kanneganti 2020). Cell death is a key com-
ponent of the host innate immune response to clear
intracellular pathogens and damaged cells. As a result, the on-
going coevolutionary arms race, where hosts adapt to infec-
tions and pathogens evolve strategies to evade immune
defenses, leads to diversified host cell death signaling path-

ways (Daugherty and Malik 2012; Man and Kanneganti
2016; Place et al. 2021; Holland et al. 2024). Caspases
(cysteine-dependent aspartyl-specific proteases; CASPs) are
ancient regulators of programmed cell death, and some also
drive inflammatory cytokine maturation. Many CASPs con-
tain domains from the death domain (DD) superfamily, in-
cluding CARD (caspase activation and recruitment domain)
and DED (death effector domain). These domains, along
with other family members such as DD and PYD (pyrin do-
main), are evolutionarily conserved across multicellular or-
ganisms, sharing a common 6 a-helical bundle topology and

1996; Kersse et al. 2011; Man and Kanneganti 2016). In sim-
pler organisms such as Caenorhabditis elegans, which have 4
CASPs, CASPs handle all essential cell death functions
(Horowitz and Shaham 2024). In mammals, with humans
having 12 and mice having 10, CASPs have expanded and di-
versified through coevolution with pathogens, developing
functional redundancies to enhance host defense (Eckhart
et al. 2008; Man and Kanneganti 2016; Kesavardhana et al.
2020; Wang and Kanneganti 2021). However, the complex-
ities of evolutionary conservation and divergence that have
led to these functions remain unclear.
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One of the key members of the CASP family is CASP8, which
has roles in nonlytic apoptosis (Boldin et al. 1996; Muzio et al.
19965 Kesavardhana et al. 2020) and innate immune lytic cell
death (Pierini et al. 2012; Man et al. 2013; Sagulenko et al.
2013; Gurung et al. 2014, 2016; Lukens et al. 2014; Kuriakose
et al. 2016; Newton et al. 2019), including PANoptosis.
PANoptosis is a lytic, innate immune cell death pathway initiated
by innate immune sensors and driven by CASPs and RIPKs
through PANoptosomes (Kuriakose et al. 2016; Christgen
et al. 2020; Karki, Sharma et al. 2021; Karki, Sundaram
et al. 2021; Lee et al. 2021; Karki et al. 2022; Sharma et al.
2025). PANoptosis provides host defense against infections
but can also drive inflammation and inflammatory disease,
making it a potential therapeutic target (Christgen et al.
2020; Malireddi et al. 2020; Zheng et al. 2020; Karki,
Sharma et al. 2021; Karki, Sundaram et al. 2021; Lee et al.
2021; Karki et al. 2022; Chen et al. 2023; Sundaram et al.
2023,2024; Sharma et al. 2025). CASP8 is an integral compo-
nent of the PANoptosome complexes that drive PANoptosis,
and the adaptor ASC, a PYD and CARD-containing protein,
is also found in many PANoptosomes (Christgen et al. 2020;
Malireddi et al. 2020; Zheng et al. 2020; Lee et al. 2021;
Sundaram et al. 2023, 2024; Sharma et al. 2025).
Biochemical and structural studies have found that the DEDs
of CASP8 and the PYD of ASC interact (Vajjhala et al. 2015;
Fu et al. 2016) to facilitate assembly of cell death complexes.
This heterotypic interaction challenges the concept of exclusiv-
ity in the DD superfamily (Kersse et al. 2011), where homo-
typic interactions typically guide complex formation (e.g.
ASCCARD_CASP1CARD - CASPSPEP_FADDPEP,  NLRPFYP-
ASCPYP) (Park et al. 2007). However, how CASP8 performs
evolutionarily conserved and diverse functions to drive
PANoptosis in health and disease remains unclear.

In this study, we performed Bayesian inference-based evolu-
tionary analysis of the DD superfamily to identify functional
subgroups, such as DED and PYD domains, based on their evo-
lutionary and functional relationships. We also sought to cap-
ture homotypic traits among subfamily members and
highlight key events in caspase evolution. We further defined
the homotypic interaction within CASP8 and heterotypic inter-
action between CASPS8PEP and ASCPYP through Bayesian
evolutionary analysis, residue couplings, and sequence and
structural analysis. We also used functional experiments,
including size exclusion chromatography, negative staining
electron microscopy, and pull down assays, to validate the evo-
lutionary, sequence, structural, and functional relationships.
Statistical inference methods provided functional clues about
the evolutionarily conserved residue patterns at the interaction
interface, and we validated these through cross-species ana-
lyses, dynamic simulations, and in vitro studies. Mutating spe-
cific residues functionally disrupted CASP8 stability and
oligomerization, which may play a critical role in preventing
its downstream functions. These results provide insights into
the significance of CASP8 and potential CASP8-ASC inter-
action residues in modulating PANoptosome activity and re-
lated immune responses in health and disease.

Results and Discussion

Hierarchical Classification of the DD Superfamily
Using the BPPS Method

CASP8 has likely undergone evolutionary pressures in early ver-
tebrates, with negative selection maintaining its essential role as a
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specialized initiator and its inflammatory functions (Aravind
et al. 2001; Sakamaki and Satou 2009; Sakamaki et al. 2015;
Kesavardhana et al. 2020). This specialization may result from
conserving and diverging amino acid residues at key positions
(Neuwald 2014a,b; Neuwald et al. 2022) that influence
CASP8’s molecular functions. To identify these key residues,
we used BPPS (Bayesian Partitioning with Pattern Selection), a
statistical inference method that identifies conserved residue pat-
terns among evolutionarily related proteins from functional di-
vergence events (Neuwald et al. 2018). BPPS operates on the
assumption that a protein superfamily diverges into subgroups,
each potentially adapting its structural fold for specific roles.
These subgroups may undergo further divergence, conserving
crucial residues at critical sites for original and new functions.
Multiple rounds of such divergence events could lead to a tree-
like structure of hierarchically arranged subgroups (hereafter re-
ferred to as a hierarchical tree), each featuring distinct residues
at specific positions (Neuwald et al. 2018). BPPS analyzes mul-
tiple sequence alignments (MSA) from protein superfamilies,
partitioning them into hierarchically nested MSAs (hiMSA)
based on correlated residue patterns that may be unique to
each subgroup (Neuwald 2014a,b; Neuwald and Altschul
2016; Neuwald et al. 2020). A scheme of the overarching ap-
proaches used throughout the study to identify residue patterns
and other functionally relevant residues is shown in Fig. 1.

We first sought to identify subgroups of DD superfamily mem-
bers from the MSA by creating a hierarchical tree using the BPPS
method (Neuwald et al. 2018), which models organism classifica-
tion levels (superfamily, family, and subfamily) based on evolu-
tionary relationships. The DD sequences obtained from protein
databases and sequence similarity searches were aligned and sup-
plemented with known and predicted death fold structures.
These were used as the input for BPPS calculations to generate
a hierarchical tree with different subgroups, capturing evolution-
ary features. The topmost node in the hierarchical tree likely sig-
nifies the superfamily, while descending nodes may represent
lower levels, such as family and subfamily. Here, a subfamily re-
fers to a group of sequences within a family that share more recent
common evolutionary ancestors and feature specific residue pat-
terns distinguishing them from other related subfamilies. The re-
sulting DD tree consisted of a single superfamily, 26 family, and
95 subfamily groups (supplementary fig. S1, Supplementary
Material online). The expansion of death fold proteins in
chordate- and vertebrate-specific lineages appears to have con-
tributed to an increased number of immune-related proteins,
adding complexity to the immune system and its cell death path-
ways (Aravind et al. 2001). This trend can be observed in the
prepared superfamily MSA, which shows the highest proportion
of diverse chordate sequences (supplementary fig. S2a,
Supplementary Material online). Given this complexity, we
aimed to study how the domains of CASP8 and ASC, critical mol-
ecules in the formation of cell death complexes, are likely evolu-
tionarily related by examining their subgroups in the hierarchical
tree, which may contribute to key molecular associations under-
pinning inflammasome and PANoptosome formation. We there-
fore focused on examining subfamily groups containing mouse
CASPS8 death effector domains (DED1, node 21; DED2, node
67) and ASC pyrin domain (PYD, node 37) sequences. These
were grouped within DEDs (DED1, node 2; DED2, node 38)
and PYD (node 3) family subgroups, respectively. Within the
DED and PYD family subgroups, other closely related proteins
were grouped. For instance, the DED1 family subgroup (node
2) included FADD, PEA-15 (phosphoprotein enriched in
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Fig. 1. Workflow integrating statistical inference methods. Initially, protein sequences from the NCBI protein database were mapped to DDs using the
CDD2MGS program, generating a hiMSA. Next, sequences from the DD superfamily (IPR011029) were retrieved from the InterPro database and
augmented with protein structures (experimentally determined and protein models obtained from AlphaFold). These sequences were then aligned
against hiMSA, resulting in an MSA. A hierarchical tree was built from the MSA using the BPPS program to identify subgroups representing different
family members of the DD superfamily and to identify statistically significant pattern residues within each subgroup. The query-based DARC program was
applied to identify pattern residues and residue couplings from mCASP8PEP and mASCPYP sequences. Finally, the correspondence between different
methods and identified pattern residues was utilized to prioritize the best-scoring amino acid residues for in vitro experiments.

astrocytes, 15 kDa), among others, in addition to mCASP§PEP!,

BPPS selects a set of pattern residues to define subgroups, guided
by the log-probability ratio (LPR). The LPR evaluates the likeli-
hood of observing the pattern residues under the subgroup model
versus a model representing other closely related, divergent sub-
groups (Neuwald 2014a). Because the LPR is computed using the
natural logarithm, it is measured in nats, which has an informa-
tion theoretic interpretation. The supplementary fig. S2b,
Supplementary Material online shows selected representative
subgroups of the hierarchical tree with its LPR scores. The exclu-
sive enrichment of chordate sequences in CASP8”P* and
ASCPYP subgroups may suggest their ability to capture evolution-
ary pattern residues specific to chordates (Reed et al. 2004; Park
etal. 2007). This enrichment was also reflected in the percentage
distribution of sequences within the major phylum of the death
fold superfamily (supplementary fig. S3, Supplementary
Material online).

Identification of DD Subgroups and Functional
Enrichment

The hierarchical tree’s subgroups hint at the possibility of an
ancestral form of the trait among DD proteins within the

same node. As previously mentioned, our analysis focused
on subfamily groups within the DED1 (node 2), PYD-ASC
(node 3), and DED2 (node 38) families, distinguishing distinct
functional subgroups at each family node (supplementary fig.
S1, Supplementary Material online). Within the DED1 family,
the subfamily group (node 21) includes CASP8”*P! sequences
from human and mouse, as well as those from other mammals,
birds, amphibians, and reptiles. Based on their placement
within the same family node in the hierarchical tree
(supplementary fig. S1, Supplementary Material online), we
observed the DED domains of CASP8, FADD, and PEA-15 ex-
hibit a coevolutionary relationship; given that all 3 of these
proteins have been implicated in forming the death-inducing
signaling complexes (DISC), these findings might suggest co-
evolution in forming DISC. This could be distinct from other
immune signaling DED domain proteins and aligns with the
expansion of apoptotic regulators in multicellular organisms,
responding to various stimuli through the death receptor-
mediated extrinsic apoptotic pathway (Kesavardhana et al.
2020; Tummers et al. 2020). The tree (supplementary fig.
S1, Supplementary Material online) also identified the DED
in the lancelet ubiquitinyl hydrolase 1 as a distinct subfamily
group (node 535), suggesting likely horizontal gene transfer
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and adaptive changes in innate immune genes in amphioxus
(Xiong et al. 2023). Homotypic traits among subfamily mem-
bers of the DD superfamily were captured at the family level of
the tree, which could align with their evolutionary and func-
tional relationships. For instance, CASP8”*P! and its homo-
typic interaction partner FADDPEP are grouped under the
same DED1 family (node 2), while NLRP3"Y" and its partner
ASCPYP are grouped together in the PYD family (node 3).

Within the DED2 family, the subfamily group (node 67)
contained human and mouse CASP8P*P? sequences, along
with those from other mammals, reptiles, and a few nonperch-
ing birds (e.g. rail) (supplementary fig. S1, Supplementary
Material online). This suggests the possibility that con-
served residues required for CASP8”*P? function may be
shared among these groups. Furthermore, the tree identi-
fied a subfamily group (node 53) consisting entirely of
perching birds (e.g. crow) and a subfamily group (node
98) containing CASP8-like®*P? and CASP10P*P? sequen-
ces exclusively from ray-finned fishes (e.g. toothcarps, sal-
monids, labyrinth fish, among others; supplementary fig.
S1, Supplementary Material online).

The hierarchical tree structure may also have captured key
events in CASP evolution. For example, the split between the
subgroup exclusive to fish (node 98) and the one shared
with mammals and birds (node 67) may suggest that fishes
underwent adaptations in DED2 sequences. These adapta-
tions could be linked to earlier evolutionary events, such as
genome duplication and gene arrangements within the fish lin-
eage (Spead et al. 2018), although further studies are needed to
confirm this connection.

In addition to using this hierarchical tree, we also applied
a traditional phylogenetic approach to study the evolution-
ary and functional relationships among N-terminal CARD
and DED domains of CASPs. The phylogenetic tree cap-
tured relationships among CASPs (supplementary fig. S4,
Supplementary Material online), similar to those seen
in the hierarchical tree (supplementary fig. S1, node 38
Supplementary Material online). In both trees, the
DED-containing CASPs (CASP8 and CASP10) clustered
similarly, reflecting their known functional roles in cell
death regulation (Kischkel et al. 2001; Fischer et al. 2006;
Man and Kanneganti 2016; Kanneganti 2020;
Kesavardhana et al. 2020). These findings collectively sug-
gest that death fold domains in CASPs have evolved to
maintain and specialized cell death functions.

In the hierarchical tree, we also observed that, within the
PYD family, PYD domains of ASC and NLRPs were mapped
into distinct subfamily groups (supplementary fig. S1, node 3
Supplementary Material online). Although both of these
molecules oligomerize through their PYD domains to form
signaling platforms for inflammasomes (Martinon et al.
2001, 2002; Dick et al. 2016) and PANoptosomes
(Christgen et al. 2020), we found that their evolutionary signa-
tures differed, since they were grouped into distinct subfam-
ilies (supplementary fig. S1, Supplementary Material online).
These differences likely reflect their distinct molecular roles.
The N-terminal PYD in NLRPs regulates conformational
states for molecular processes such as innate immune sensing
and inflammasome formation (Martinon et al. 2001, 2002;
Andreeva et al. 2021). In contrast, the PYD of ASC interacts
with NLRP PYDs to act as a scaffold to recruit CASP1 and me-
diate downstream cell death functions (Martinon et al. 2001,
2002; Dick et al. 2016). Certain NLRPs, including NLRP3,
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NLRP6, and NLRP12, were assigned to the same subgroup

(node 105) in the hierarchical tree (supplementary fig. S1,
Supplementary Material online), suggesting shared co-
evolutionary functions that remain to be fully determined.
Furthermore, certain subgroup members, including NLRP3
and NLRP12, have recently been proposed to act as part
of an NLR network in response to heme-containing trig-
gers to form a PANoptosome with NLRCS and drive
PANoptosis (Sundaram et al. 2023, 2024). These insights
from the hierarchical tree and subgroup identification of-
fer a potential enhancement in understanding the molecu-
lar mechanisms underlying immune responses and may
reflect the evolutionary significance of death family
members.

CASP8PEP and ASCPYP Contain Unique Residue
Patterns

Following taxonomic analysis of DED and PYD subfamilies,
we identified pattern residues unique to each domain in
CASP8 and ASC (supplementary table S1, Supplementary
Material online). The information (in nats) contributed to a
subgroup’s LPR by an individual pattern position reflects the
subgroup-specific selective pressure imposed at that position
(Neuwald 2014a; Neuwald and Altschul 2016). Nats for a
pattern residue are calculated as the natural logarithm of the
likelihood ratio between the foreground and background
models, with higher values indicating that the residue is
more likely under the subgroup model than under the back-
ground model. As an example, a score of 55.5 nats for phenyl-
alanine at position 120 of mCASPS8P*P? indicates that the
residue composition observed at that position in the sub-
group’s alignment is ¢’> ~ 10%* times more likely to be gen-
erated by the subgroup model (termed the foreground) than
by a model based on other, closely related subgroups (termed
the background). We analyzed the top 10 pattern residues
ranked by information measure (supplementary table S1,
Supplementary Material online) and mapped them onto the
mCASP8PFP-mASCPYP  complex model as well as select
DED1 and DED2 family members (supplementary fig. S5,
Supplementary Material online) using the PyMOL program
(Schrodinger 2024a). Our goal was to find residues unique to
subgroups within the domains of the mCASP8PP-mASCPYP
complex. These residues are thought to coevolve, potentially
creating an evolutionary signature for CASP8-ASC that
may facilitate intermolecular interactions contributing to
PANoptosome assembly and initiating an immune response.
The pattern residues of mCASP8P*P? (E116, N168, and
$170) were identified at the mCASP8PEP-mASC"YP complex
interface, while neither mASCY¥P nor mCASP8PEP! had resi-
dues at the interface (supplementary fig. S5a, Supplementary
Material online). Instead, their residues were predominantly
mapped to the core and surfaces of DED and PYD filaments
(supplementary fig. S5a, Supplementary Material online), which
suggests a possible preference for oligomerization over complex
interaction. This underscores the evolutionary emphasis on con-
serving residues for DED and PYD filament oligomerization,
a preference also observed across different DED1 and DED2
family members in various species (supplementary fig. SSb,
Supplementary Material online). Although pattern residues con-
served over long evolutionary periods are presumably shaped by
functional constraints, those conserved across closely related or-
ganisms may reflect recent common descent. In such cases,
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inferring a functional role requires further support from bio-
chemical and structural studies.

In addition to identifying conserved pattern residues via
BPPS, we also performed site-specific positive selection ana-
lysis of CASP8PEP? orthologs using the FUBAR program
(Murrell et al. 2013). While BPPS identified pattern residues
that are conserved within the CASP8”*P? subgroup and
may reflect functional specialization, FUBAR detects sites
under positive and negative selection pressure, providing
evolutionary insights that complement the BPPS findings.
This allowed us to investigate whether any CASP8PEP2
interface residues in the CASP8-ASC complex were also
evolving under diversifying selection. We identified 4 sites
as positively selected (diversifying) sites (supplementary
fig. S6a and b, Supplementary Material online) and 42 nega-
tively selected (purifying) sites at a posterior probability
threshold of 0.9. Though these 4 positively selected sites
are highly diverse across species (supplementary fig. Séc,
Supplementary Material online), 2 sites (D165 at the
mCASP8PEP2.mASCPYP interface and N126 at the
mCASP8PFPZPEPL interface) mapped to heterotypic interfa-
ces (supplementary fig. S6b, Supplementary Material online),
suggesting functional relevance. However, since BPPS pattern
residues were more directly associated with subgroup-specific
conservation across species, we prioritized these residues for
further analyses.

Mapping and Analysis of Pattern Residues in
mCASP8"EPs and mASCP"P Domains

Superfamily analysis using the BPPS method (Neuwald et al.
2018) identified residue patterns that distinguish subfamilies
within the DD superfamily. However, these pattern residues
were not observed at the domain interface when mapped to
the mCASP8PEP-mASCPYP model complex, with the excep-
tion of residues in CASP8PEP? (supplementary fig. S3a,
Supplementary Material online). To gain evolutionary in-
sights into their domain interface and study potential relation-
ships between protein structure, function, and evolution, we
used the DARC (Deep Analysis of Residue Constraints) meth-
od, integrating sequence-based residue coupling, Bayesian in-
ference, and structure-based sequence constraints (Tondnevis
et al. 2020). The coupling technique identifies evolutionarily
constrained residue pairs that are likely to interact; this sug-
gests that they might impact domain structure and function
(Neuwald and Altschul 2018). Further, DARC employs a
Bayesian sampler in a query-centric approach, creating sub-
groups that include the query sequences (mCASP8PEP and
mASC""P) at 2 levels of hierarchy: superfamily and family.
Based on the DARC findings, we further investigated the family
subgroup of each domain within the mCASP8P*P-mASCPYP
complex to examine the roles these pattern residues may play
in domain interactions (Fig. 2). The death fold and ASC"YP
MSAs, along with the complex models (discussed in Section
“Models of mCASP8PFP-mASC™ complex” below), were
used as input for the DARC calculations. Similar to the steps
used in the superfamily analysis, the top 5 pattern residues
ranked by the information measure were identified in the con-
trast alignment (Fig. 2), which was observed consistently in
1,000 independent runs with random seeds. This alignment,
which incorporates both foreground (conserved residues) and
background (divergent residues) information, illustrates the de-
gree of selective pressure acting on foreground residue positions
(Fig. 2).

Models of the mCASP8PEP-mASCPYP Complex

We built 3 complex structure models (Fig. 3; supplementary
fig. S7, Supplementary Material online) using protein—protein
docking, protein superimposition, and AlphaFold (Evans et al.
2022) modeling techniques, and used them as inputs to DARC
calculations. This elucidated the potential spatial role of top-
scoring pattern residues unique to each domain of the
mCASP8PEP-mASCPYP complex in mediating interdomain in-
teractions. After building homology models of mCASP8PEP
using the cryo-EM structure of the hCASP8PFP filament (PDB:
5108) (Fu et al. 2016), we developed the mCASP8PEP-mASCPYP
complex model (supplementary fig. S7a, Supplementary
Material online) through a protein—protein docking procedure
with residue constraints (specifically, R41 of ASC**" and F143
of CASP8PEP) based on previous biochemical reports
(Vajjhala et al. 2015). Mutating residue R41 in ASC effectively
reduces procaspase-8 binding (Vajjhala et al. 2015). However,
the exact CASP8 residue(s) involved in this binding process
have not been determined experimentally. The second complex
model was then generated by aligning the mASC’¥® domain
onto the top layer of the mCASP8EP filament (Fig. 3), while
the third model was built using the AlphaFold2 multimer mod-
ule (Evans et al. 2022) (supplementary fig. S7b, Supplementary
Material online). Consistent with earlier biochemical data
(Sagulenko et al. 2013; Vajjhala et al. 2015; Fu et al. 2016),
all these complex models position one ASC"*" domain at the
DED domain interface of CASP8, suggesting a possible inter-
action scenario. Once the complex models were built, we
adopted the schematic of the helical assembly proposed for
death fold proteins (Ferrao and Wu 2012; Hollingsworth
et al. 2021) to distinguish different interface types (e.g. I, II,
and III). Given that DDs exhibit 3 asymmetric interfaces across
6 o-helices arranged in an antiparallel fashion, the interface
types are further characterized by their sides, designated as
“a” and “b” (Fig. 3). Within a filament, type I interfaces medi-
ate lateral interactions between domains, while type II and III
interfaces are vertical, facilitating interstrand interactions be-
tween 2 chains (Park et al. 2007; Kersse et al. 2011; Ferrao
and Wu 2012). Our models suggest that ASC’® interacts
with CASP8PEP using type II and III interfaces (Fig. 3a and
b). The upper and lower ends of the mCASP8PFP filament ex-
pose type II and III interfaces, which are available to interact
with mASCPYP to assemble an elongated, heterogeneous fila-
ment along the helical axis. The mCASP8”*P-mASC""P com-
plex models provide alternative placements of mASCFYP
within the mCASP8P*P filament, with the docking model posi-
tioning mASC"P at the lower end (supplementary fig. S7a,
Supplementary Material online), and the superimposed
(Fig. 3) and AlphaFold2 model (supplementary fig. S7b,
Supplementary Material online) placing it at the upper end.
Notably, the AlphaFold2 model closely resembles the superim-
posed model but exhibits a 90° rotational shift in the orienta-
tion of the mASC' domain (supplementary fig. S7b,
Supplementary Material online).

Residue Couplings and Functional Determinants of
mCASP8PEP-mASCPYP Complex Formation

Following the interface identification in modeled complexes,
we analyzed the pattern residues in relation to proposed do-
main interfaces and their involvement in residue couplings.
To identify the most suitable model for promoting
mCASP8PEP filament nucleation by the mASC”™® filament and
subsequent filament elongation, each complex model was
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Fig. 2. Alignment of CASP8PEP family sequences among representative taxa of the DD superfamily. a and b) Contrast alignment of (a) mCASP8PEP" and

(b) mMCASP8PEP? family sequences obtained using query-based analysis. The consensus family sequence of the CASP8PEP is labeled as “Consensus”
with residue positions corresponding to columns of the MSA. Protein sequences from these phyla (Primates, Homo sapiens; Rodentia, Mus musculus;
Mollusca, Octopus vulgaris; Porifera, Amphimedon queenslandica; Cnidaria, Hydra vulgaris, Annelida, Capitella teleta, Echinodermata, Acanthaster
planci) were chosen as the displayed foreground sequences. The CASP8 homolog in Drosophila melanogaster (Arthropoda phylum), DREDD/DCP2 did
not align well with this contrast alignment. Rotifers, Nematodes, and Platyhelminthes do not contain DED-containing CASP8 proteins and thus, are not
included in this alignment. Red vertical bars represent the selective pressure on the pattern residue, calculated using a semi-logarithmic scale (higher
bars reflect stronger selective pressure). This selective pressure reflects the degree to which residue frequencies at each position in the foreground
diverge from those at the corresponding positions in the background. The pattern residues are ranked by information measure, as highlighted in the
yellow circles (highest information measure is ranked #1). Amino acid residues in the alignment are colored based on the scheme of biochemical
similarities. Below the alignment, 2 blocks of alignment (foreground and background) are given starting with sequences indicating characteristic
residues at each position of the alignment. Under to the sequence field within each alignment block, the numbers designate the frequencies (after
weight-based correction for sequence redundancy) of residues expressed in integer tenths (a value of 2 indicates the corresponding residue is found in

20% to 30% of the aligned sequences). Under the background alignment block, the

“insertions” and “deletions”

rows indicate the frequencies of

corresponding insertions and deletions, respectively, at each aligned residue position, expressed in integer tenths. Frequencies below 10% are omitted

for clarity.
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Fig. 3. Pattern and directly coupled (DC) residues identified from query-based analysis mapped onto the mCASP8PEP-mASCPYP complex (superimposed
model). a) Protein domains and pattern residues are shown in cartoon and stick representations, respectively. The pattern residues are ranked by
information measure, as highlighted in the yellow circles (highest information measure is ranked #1). Residues of DC pairs with a distance below 10 Aand
equal to or above 10 A are shown in thick and dashed green rods, respectively. b) Schematic of the heterotypic interfaces of the mCASP8PEP-mASCPYP
complex. ¢) Various statistical measures (S) computed for correspondences between pattern (p), directly coupled (DC), and 3D clustered residues.

thoroughly examined. This process led to the identification of sev-
eral key interface residues, as discussed in subsequent sections.
Due to variations in mASC"* placement among complex mod-
els, discussions related to interfaces are tailored to each specific
model.

Across all complex models, the most-constrained resi-
due, F23, was in the hydrophobic core of mASCPYP, dis-
playing a high degree of conservation across diverse taxa
(supplementary fig. S8, Supplementary Material online).
Further, pattern residues such as 18, L12, and L15 (ranked
fifth, third, and second) occupied interface type IIIb in the
mASC™P filament form (PDB: 2n1f; supplementary fig. S7a,
Supplementary Material online; Sborgi et al. 2015). Positioned
next to the type IlIb pattern residues, the E13 residue exhibits
pronounced effects on ASC self-association upon mutation
(Vajjhala et al. 2015). However, the mechanistic role of E13
in heterodomain interactions with mCASP8”FP* remains un-
clear. Notably, this interface extensively interacts with its coun-
terpart, interface type Illa, in its filament form, where residue
R41 modulates procaspase-8 binding when mutated (Vajjhala
et al. 2015). Furthermore, residue couplings were identified
across distinct interfaces in the ASCTYP filament, which were
consistently observed in 1,000 independent calculations, includ-
ing within type I, between types I and II, types I and III, types II
and I, and within type IIl interfaces. Overall, these results sug-
gest that the DARC method prioritized evolutionarily related
residues in interfaces that are likely important for mASC”P do-
main stability, oligomerization, and filament assembly (Fig. 3;
supplementary fig. S7, Supplementary Material online).

The most-constrained residue in mCASP8PEP! is C26 (526
in humans) (Fig. 2a). The pattern residues, 130 (interface III)
and F24 (I), are located at the interface of mASCFYP and
mCASP8PEP?  (supplementary fig. S7a, Supplementary
Material online). F122 is the most-constrained (Fig. 2b) and
type Ib residue of mCASP8PEP2 packed against Y8 of type
Ia from the adjacent mCASP8PEP! (Fig. 3; Y8 is not a pattern
residue and is therefore not directly shown in the figure). Both
F122 (alone) and Y8 (when combined with other positions)
can impair hCASP8PEP filament formation upon mutation
(Fu et al. 2016). The identification of sites that have been ex-
perimentally confirmed to be critical for filament formation as
pattern residues supports the validity of the adopted statistical
approaches. E147 is the only pattern residue from the type II
interface facing mASC"YP. The pattern residues and their cou-
plings from this model are similar in superimposed (Fig. 3) and
AlphaFold2 (supplementary fig. S7b, Supplementary Material
online) models. The second ranked pattern residue, K161, is
located at the mCASP8P*P2-mASC"P domain interface of
the superimposed model (Fig. 3). In summary, the DARC
method pinpointed key residues potentially involved in fila-
ment disruption and identified deterministic residue patterns
under selective pressure.

Residue Pattern for mCASP8PEP Stability

Leveraging both superfamily and query-based methods, we
elucidated valuable insights into the evolutionary and struc-
tural aspects of select pattern residues, distinguishing them
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into 2 separate components: the stability and oligomerization
of mCASPSPEP filaments and mCASP8PP-mASC"Y® domain
interactions. In the first component, we successfully identified
the key residue F122, which governs the stability of
mCASP8PEP filaments (Fu et al. 2016), as the most-
constrained residue (Figs. 2b and 3) from the DARC method.
We further conducted a cross-species analysis of CASP§PFP?
domains to study amino acid variations in different taxonomic
groups such as mammals, birds, and fishes (supplementary fig.
S9, Supplementary Material online). For this, we analyzed the
BPPS subfamily groups 67, 53, and 98, corresponding to
mammal, bird, and fish sequences, respectively, and extracted
the residue positions that corresponded to the mCASP8PEP?
side of the mCASP8PFP?PEP interface. Mammals exclusively
possess the F residue at the 122nd position, while in a few bird
and ray-finned fish species, L and Y are present, respectively
(supplementary fig. S9, Supplementary Material online).
This raises the question: why do the residues at this position
in mammals differ from those in fish and birds? To investigate
the structural impact of differing residues at the 122nd pos-
ition, we used computational mutagenesis to analyze the
F122-Y8 positions (Fig. 4). Analysis of the CASP8 filament
showed that type I residues are predominantly hydrophobic
(Fu et al. 2016), as indicated by Eisenberg hydrophobic con-
tour plots (Fig. 4), suggesting conservation of hydrophobicity
at the 122nd position through evolution. We studied the im-
pact of this residue variation further in the section
“Mutation of evolutionarily related CASP8 residues causes
disruption in the mCASP8”*P stability and oligomerization
and mCASP8P*P-mASCPP interaction.”

Key Interface Residues From mCASP8PEP? are
Implicated in the mCASP8PEP-mASCFYP Heterotypic
Interaction

In the second component of our study, we investigated poten-
tial interactions within the mCASP8P*P-mASC"™® complex
interface using a residue coupling technique. We identified
key interface residues from mCASP8PFP? (specifically, N168
and S170 through the BPPS method; supplementary fig. S5a,
Supplementary Material online) but not from mCASP8PEP?,
We applied the EVcouplings complex module (Hopf et al.
2019) using domain sequences and mapped the coupling pat-
terns onto the superimposed model. Despite a significant num-
ber of effective sequences, EVcouplings did not detect clear
correlated patterns at the interface (data not shown). Given
the challenges with identifying interface residues through resi-
due coupling analyses alone, we expanded our approach to in-
clude a combination of sequence- and structure-based
methods. Using the superimposed complex model as the refer-
ence to identify the mCASP8P*P-mASCPYP heterodomain
interface, we first retrieved the ASC”¥® domain sequences cap-
tured in the BPPS subfamily node 37 spanning various chord-
ate classes (mammals, birds, fishes, amphibians, and reptiles)
(supplementary fig. S10, Supplementary Material online).
We then identified the other domain (CASP8PEP! and
CASP8PEDP?) sequences from their respective BPPS family sub-
groups (DED1, node 2; DED2, node 38; supplementary fig.
S11, Supplementary Material online). While many of the
mammalian ASC”Y® interface residues exhibited limited resi-
due variation, as indicated by the sequence logo
(supplementary fig. S10, Supplementary Material online),
some variations were observed in key residues such as R41,
which is critical for pro-CASP8 binding, with substitutions
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such as L in birds and W in amphibians. Additionally,
the interface ASC'YP residues facing CASP8PFP! and
CASP8PEP? tend to be hydrophobic, positively charged, and
polar in nature (supplementary fig. S10, Supplementary
Material online). Sequence logos of CASP8PEP! and
CASP8PEP? interface facing ASC'YP showed residues en-
riched in negatively charged and a blend of neutral and polar
residues, respectively (supplementary fig. S11, Supplementary
Material online). Furthermore, comparative protein models of
select organisms from various chordate classes suggested
charge complementarity at the CASP8P*P-ASCPYP interface
(supplementary fig. S12, Supplementary Material online).
Additionally, the E12 residue of mCASP8PFP! and N168,
K169, and $170 residues of mCASP8”FP? were highly con-
served across various classes, which could indicate potential
functional relevance.

Domain Interactions in the mCASP8PEP-mASCPYP
Complex From Dynamic Simulations

To improve the predictive power of our computational ana-
lyses, we conducted molecular dynamic simulations aimed at
replicating protein physiology within cells and elucidating
the role of interface residues identified by these methods. We
used molecular dynamic simulations to assess stability (RMSD
and R,), flexibility (RMSF), hydrogen bonding, and binding
free energy contributions of the mCASP8P*P-mASC™¥P com-
plex. Given the oligomeric and filamentous nature of these com-
plex models (supplementary figs. S13 and S14, Supplementary
Material online), they exhibited stability in packing the charac-
teristic 6 o-helical bundle, as indicated by the RMSD (root mean
square deviation) measure, fluctuating around ~4 to 4.5 A in
both models (supplementary figs. S13a and Sl4a,
Supplementary Material online). The R, (radius of gyration)
measure of docked and superimposed models fell within the
range of 16 to 16.5 A and 18.5 to 19.5 A, respectively, suggest
stable packing of the mASC"*P layer upon the mCASP8P*P fila-
ment (supplementary figs. S13b and S14b, Supplementary
Material online). Notably, the RMSF was higher in certain se-
quence windows for both models (supplementary figs. S13¢
and S14c¢, Supplementary Material online); specifically, in resi-
due positions 51 to 61, corresponding to the surface-exposed re-
gion of mCASP8*P!and 125 to 135 of mCASP8P P2 in the
domain interface between mCASP8PEP! and mCASP8PEP2,
We then examined the H-bond interactions of domain
interface residues in the simulation trajectory. In the docked
model, a nonpattern mCASP8PEP? residue, E154, developed
extensive H-bonding with R38 of mASC”YP. The pattern resi-
due of mCASP8PEP? E147, developed H-bonds with H32
of mCASP8PEP! (supplementary fig. S13d, Supplementary
Material online). Within the heterodomain interface of the
docked model, both E147 and E154 of mCASP8”*P? partici-
pated in creating an electronegative patch that complemented
the electrostatic positive surface lined by the R38 and R41 res-
idues of mASCP'P (supplementary fig. S13e, Supplementary
Material online). These potential electrostatic complementar-
ity and H-bonding properties suggest that the residues (E147
and E154) are promising candidates for functional analyses
in future studies to validate their roles.

Further analysis of the superimposed model trajectory showed
persistent H-bonding of E12 and E13 of mCASP8P*P! with R38
and R41 residues of mASC"™® (supplementary fig. S14d and e,
Supplementary Material online), suggesting potential functional
relevance. Similarly, the mCASP8”"P? interface residues, N168
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mCASP8PED?
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™ DED2

§DED1-DED2(Y122) !

1.3 | -2.53

More hydrophobic More hydrophilic

Fig. 4. Hydrophobic interface of mMCASP8PEP filament. a—i) Close view of wild type mCASP8PEP (F122) and its mutants (H122, L122, and Y122). Within the
mMCASPS8 filament, the F122 (b), H122 (c), L122 (h), and Y122 (i) residues (orange stick) of the DED2 domain close to the Y8 residue (blue stick) of the
adjacent DED1 domain are shown in cartoon representation. Hydrophobicity potential mapped onto the accessible surface area of the mCASP8 structures
(all rotated by 90°) is shown with residues F122 (d), H122 (e), L122 (), and Y122 (g), and Y8 highlighted (a). Hydrophobicity potential was calculated using
the Eisenberg hydrophobicity scale and rendered using the PyMOL program.

and K169, engaged in H-bonds with S58 and G35 residues  of mCASP8PFP-mASC™® binding, we analyzed the residue-
of mASC™P, respectively (supplementary fig. S14d and e,  wise energy decomposition in the superimposed model as well
Supplementary Material online). To gain deeper insights into  as comparative models built across different organisms spanning
whether these interface residues contributed to the free energy ~ various chordate and nonchordate classes (supplementary fig.
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S15, Supplementary Material online). The mCASP8PEP! inter-

face residues E12 and E13, along with their equivalent residues
in various protein models of different organisms, made substan-
tial contributions to the total free energy of binding. Similarly,
the N168, K169, and $170 residues of mCASPS8PEP?, along
with their equivalent positions in different organisms, displayed
a relatively secondary contribution to binding energy if the resi-
dues were conserved. The major contribution of DED1 interface
residues to binding free energy (supplementary fig. S15,
Supplementary Material online) may be attributed to the close
positioning of mCASP8”*P? residues to R41, a site of functional
importance in mASC™® (Vajjhala et al. 2015). The DED resi-
dues in the heterotypic interface of the mCASP8P*P-mASCPYP
complex were compared with the pattern residues obtained
from the superfamily analysis across different DED family mem-
bers (supplementary fig. S16, Supplementary Material online).
We observed that the pattern residues and the interface residues
did not overlap for DED1 family members (supplemenatry fig.
S16a, Supplementary Material online). In contrast, some of the
pattern residues of mCASP8 P2 overlapped with those of other
DED2 family members (supplementary fig. S16b, Supplementary
Material online), such as chicken CASP18a and rainbow trout
CASP10a (supplementary fig. S5b, Supplementary Material on-
line), and they were present in the interface. Furthermore, we
mapped the pattern residues identified by BPPS (superfamily)
and DARC (query-based) methods, along with positively se-
lected sites from the site-specific positive selection analysis, to
evaluate the congruity among these residues with experimental-
ly tested mutants of the hCASP8 filament. While some pattern
residues of mCASP8PEP?  (supplementary fig. S17,
Supplementary Material online), including F122, 1123, C131,
and R149, were previously characterized in terms of hCASP8
filament stability, none of these residues fall within the hetero-
typic interface of the mCASPSPEP-mASCPP  complex.
Additionally, although the positively selected —sites
(supplementary fig. S6, Supplementary Material online) do not
overlap with the pattern residues, their proximity to pattern res-
idues (supplementary fig. S17, Supplementary Material online)
may affect the physicochemical properties of the CASP8-ASC
heterotypic interface and possibly alter molecular interactions.
The absence of pattern residues in the heterotypic interface
might reflect rapid evolution driven by adaptation at, for ex-
ample, the species or subspecies level, and thereby requiring dir-
ect coupling analyses (DCA) across heteromeric subunits (Reed
et al. 2004; Neuwald and Altschul 2016).

Mutation of Evolutionarily Related CASP8 Residues
Causes Disruption in the mCASP8PEP Stability and
Oligomerization and mCASP8PEP-mASCPYP
Interaction

Our analyses using the DARC method identified residues with
likely roles in mCASP8”*P filament stability and oligomeriza-
tion. Therefore, we mutated the F122 residue, the most-
constrained residue in the mCASP8”*P2| to determine its func-
tional relevance. Negative staining showed disruption of the
mCASP8PFP filament with both the F122E (complete disrup-
tion) and F122H (partial disruption) mutations (Fig. 5), pro-
viding a proof of concept to validate that our computational
analysis identified residues that are critical for filament forma-
tion. Sequence analysis across phylogenetic classes showed
that F122 is predominantly selected through evolution
(supplementary fig. S9, Supplementary Material online).
Mutating this residue to E122 was previously shown to

Kumar et al. - https://doi.org/10.1093/molbev/msaf096

abrogate the hCASP8PFP filament (Fu et al. 2016). Previous
mutagenesis data on the ASC filament (e.g. Y187 to H187)
(Li et al. 2018) indicates that mutating to H in place of a
hydrophobic residue partially disrupts filament formation.
This suggests that F122 is highly selected through evolution
to grow and stabilize the CASP8PEP filament.

We further sought to determine whether the residues identi-
fied through our computational approach affected the
CASP8-ASC interaction. To test this, we performed a charge re-
versal mutation of E147, the pattern residue of mCASP§”FP?
located at the heterotypic interface (supplementary fig. S7a,
Supplementary Material online), to R147. However, this
E147R mutation did not disrupt the mASC’YP-mCASP8PEP
interaction (supplementary fig. S18, Supplementary Material
online). Additionally, we mutated the E154 residue, which
forms extensive hydrogen bonding with the R38 residue of
mASCP™ at the heterotypic interface (supplementary fig.
S$13d, Supplementary Material online). The E154D mutation
also did not reduce the mASC"YP-mCASP8 " interaction
(supplementary fig. S18, Supplementary Material online).
Based on these results, we hypothesized that mutating a single
residue may not be sufficient to disrupt the binding, while mu-
tating the most relevant residues together from at least 1 do-
main of mCASP8PP in the heterotypic interface might affect
mCASP8PEP-mASCPYP complex formation. Indeed, we found
that including both the E147R and E154D mutations together
resulted in a partial reduction in the mASC"YP-mCASP8P*P
interaction (supplementary fig. S18, Supplementary Material
online), although it was not completely abrogated. This obser-
vation suggests that additional interacting residues, potentially
also including residues in mASCPYP, may also play a role. These
results suggest that mammalian CASP8PEP and ASC™¥® have
complementary molecular properties enabling their molecular
association. Together, these in vitro analyses confirm that the
residues identified in our computational analyses have a func-
tional role in the critical CASP8 activities that drive complex
formation and subsequent cell death.

Conclusion

CASPS, a key component of the metazoan molecular toolkit
and PANoptosome, can drive nonlytic apoptosis and lytic
PANoptosis, as demonstrated by numerous genetic, biochem-
ical, and microscopy experiments (Boldin et al. 1996; Muzio
et al. 1996; Sakamaki et al. 2014; Kuriakose et al. 2016;
Christgen et al. 2020; Kesavardhana et al. 2020; Malireddi
et al. 2020; Zheng et al. 2020; Karki, Sharma et al. 2021;
Karki, Sundaram et al. 2021; Lee et al. 2021; Karki et al.
2022; Wang et al. 2022; Chen et al. 2023; Sundaram et al.
2023, 2024; Sharma et al. 2025). Here, we decoded the heter-
otypic interaction between mCASP8”*P and mASCPYP, iden-
tifying key evolutionarily conserved residues that are crucial
for CASP8 oligomerization and the CASP8-ASC interaction.
The hierarchical tree structure of DD superfamily members ef-
fectively distinguished various members such as CARD, DED,
and PYD into subgroups based on shared or diverse evolution-
ary and functional relationships, with similar groupings noted
across mammalian CASP phylogenetic clades (Sakata et al.
2007; Eckhart et al. 2008; Sakamaki and Satou 2009;
Sakamaki et al. 2014).

Further, the homotypic traits among subfamily members
captured at the tree family level (e.g. CASPPFP1.FADDPEP,
NLRP3"YP.ASCPYP) suggest the presence of key molecular as-
sociations crucial to the formation of inflammasomes and
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Fig. 5. Mutation of key CASP8PEP residues disrupts filament formation. a—c) Size exclusion chromatography (SEC) profiles of mCASP

8DED

wild type (a)

and mutants (E122 (b) and H122 (c)). d—f) Negative staining micrographs of mCASP8PEP wild type (d) and mutants (E122 (e) and H122 ().

certain PANoptosomes (Christgen et al. 2020; Malireddi et al.
2020; Zheng et al. 2020; Lee et al. 2021; Sundaram et al.
2023, 2024; Sharma et al. 2025). The tree also captured key
events in caspase evolution, including the fish-specific
CASP8PEP? subgroup, which reflects adaptations from
chromosomal rearrangements in the teleost lineage (Sakata
et al. 2007; Spead et al. 2018). These insights from the hier-
archical tree contribute to a deeper understanding of the mo-
lecular mechanisms of the death family members underlying
immune responses and their evolutionary significance. Our
findings highlight the evolutionary adaptations of DED and

PYD in CASP8 and ASC and their potential roles in
PANoptosome formation.

The search for mASC homologs identified protein sequences
exclusively in chordates, except for most of the birds, consist-
ent with previous genome analyses (Billman et al. 2024). This
suggests a recent evolutionary development with specialized
functions, such as the inflammasome and PANoptosome
adaptor roles. CASPs, including CASPS8, have existed since
the early Cambrian period (~520 MYA) (Sakamaki et al.
2015) and are present in all eukaryotes and their ancestral
mitochondrial endosymbionts (Koonin and Aravind 2002).
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CASPS8, shaped by evolutionary pressures, underwent gene
duplication early in vertebrate evolution, leading to paralogs
such as CASP10, FADD, and cFLIP (Eckhart et al. 2008;
Sakamaki and Satou 2009; Sakamaki et al. 2015). Different
vertebrate lineages followed distinct evolutionary paths,
with rodents losing CASP10 and teleosts gaining novel
CARD-containing CASP8 through chromosomal rearrange-
ments (Sakata et al. 2007; Eckhart et al. 2008; Sakamaki
and Satou 2009; Spead et al. 2018). ASC, emerging later in
the Jurassic period (~201 MYA) (Brusatte et al. 2015), coin-
cided with the divergence of birds from reptiles (Billman
et al. 2024), suggesting the CASP8-ASC interplay is a relatively
recent evolutionary development. Consequently, PANoptosis,
driven by this interaction, is a newly emerged inflammatory
pathway, likely exclusive to mammals, validated in human
and mouse models to drive inflammation and disease.

Overall, our findings suggest a unique evolutionary adapta-
tion of CASP8 to interact with ASC, potentially leading to
PANoptosome formation and performing redundant func-
tions with CASP1, which can contribute to IL-13-mediated in-
flammatory diseases. Future functional studies will be needed
to fully understand the specific residues that are critical for di-
verse CASP functions, and this study provides evolutionary in-
formation to aid in the characterization of mutant phenotypes.
Together, these evolutionary insights have implications for
understanding mammalian immune responses and developing
therapeutic strategies for inflammatory diseases.

Materials and Methods

MSA of DD Superfamily

Domain family hierarchy was analyzed for the DD superfamily,
which is a group of related domains with common ancestry, a
set of conserved residues, and a shared primary function
(Neuwald 2014b; Neuwald et al. 2018). The domain hierarchy
is presented as a hierarchical multiple sequence alignment
(hiMSA), a set of MSAs organized hierarchically, depicting in-
dividual subgroups (sets of closely related protein sequences)
within a superfamily (ftp:/ftp.ncbi.nlm.nih.gov/pub/mmdb/
cdd/hiMSA) (Wang et al. 2023). Further, template MSA files
was used to guide the global alignment of each subgroup
MSA against other subgroup MSAs within the same superfam-
ily (Neuwald and Altschul 2016; Neuwald et al. 2020). The
hiMSA of the DD superfamily (cd08304), consisting of 63
leaf nodes representing different subgroups, was converted to
MAPGAP’s input files using the CDD2MGS program
(Neuwald 2009; Neuwald et al. 2020). In parallel, 93,105
protein sequences of the DD superfamily (IPR011029; as
of 09/14/2022) belonging to the animal kingdom were re-
trieved from the InterPro database (Paysan-Lafosse et al.
2023) and were annotated with taxonomic ranks (phylum
and kingdom) using the AddPhylum program (Neuwald
etal. 2020) (sequence alignment with accession IDs is included
in the supplementary data, Supplementary Material online
file). The MAPGAPS program v2.1 was used to align the anno-
tated protein sequences against the superfamily hiMSA using
the template MSA, creating an MSA in collinear multiple
alignment format (Neuwald 2009; Neuwald et al. 2020).
The PurgeMSA program (Neuwald et al. 2020) was used to re-
move all but 1 sequence among those sharing >80% sequence
identity, resulting in a final MSA of 21,714 protein sequences.
We then supplemented the final MSA with 79 experimentally
resolved 3D protein structures (X-ray and cryo-EM structures;
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obtained from MAPGAPS search against the NCBI pdbaa
database, accessed 2022 September 22) and 8 AlphaFold mod-
els (Jumper et al. 2021) when experimental structures were un-
available. The full-length AlphaFold models were obtained
from the AlphaFold Protein Structure Database (https:/
alphafold.ebi.ac.uk) (Varadi et al. 2024) hosted by the
European Bioinformatics Institute. Full-length protein models
were downloaded, and death fold regions were extracted and
used as inputs for BPPS and DARC calculations. Hydrogen
(H) atoms were added to the protein structures using the
REDUCE program v3 (Richardson 2024).

Superfamily Analysis of DD

Superfamily analysis of the DD was performed using the BPPS
program v1.1 (Neuwald et al. 2018). BPPS models the evolution-
ary process wherein homologous proteins within a superfamily,
characterized by a common structural core, often undergo diver-
gence, resulting in the formation of subgroups that serve distinct
functional roles. At the sequence level, such functional diver-
gence can be identified through correlations among residue pat-
terns distinct to each subgroup. These correlations likely arise
from structural and biochemical constraints, offering insights
into protein properties crucial for functional specificity.
Utilizing Markov chain Monte Carlo (MCMC) sampling,
BPPS partitions the input MSA into hierarchically arranged sub-
groups based on correlated residue patterns unique to each sub-
group. This generates a set of hierarchically arranged “contrast
alignments,” one for each subgroup (Neuwald 2014a;
Neuwald et al. 2018) along with corresponding PyMOL scripts
(Schrodinger 2024a) that map pattern residues onto protein
structures. Each contrast alignment consists of an aligned set
of “foreground” sequences harboring a set of pattern residues
that distinguish them from a set of background sequences, name-
ly the most closely related sequences that have diverged from the
foreground sequences. For each pattern position, the MCMC
sampler computes the LPR of the observed foreground residues
that have been generated by a statistical model based on the fore-
ground versus the background residue frequencies; this measures
the degree to which the foreground residues have diverged from
(or contrast with) the background residues at that position
(Neuwald et al. 2018, 2022; Tondnevis et al. 2020). The LPR
measures the information (in nats) encoded by each subgroup’s
foreground sequences reflecting the selective pressure imposed at
pattern positions (Neuwald and Altschul 2016; Neuwald et al.
2022). The BPPS program built a tree of DD MSA with 122 no-
des with a depth of 3, consisting of a single superfamily, 26 fam-
ilies (nodes), and 95 subfamilies (sub-nodes).

In addition, a phylogenetic tree of CASP N-terminal do-
mains (CARD and DED) was reconstructed using IQTREE2
software (Minh et al. 2020). CASP N-terminal domain se-
quences were extracted from above curated InterPro dataset
(Paysan-Lafosse et al. 2023), filtered for redundancy, and
then aligned using MAFFT program v7 (Katoh et al. 2019).
JTT + G4 was selected as the best substitution model, and
C. elegans ced-3 CARD domain sequence was chosen as the
outgroup. The tree was built with 1,000 ultrafast bootstrap-
ping replicates and annotated using IROKI program (Moore
et al. 2020).

Site-specific Positive Selection Analysis of
CASP8P*P? Domain

Site-specific positive selection analysis of CASP ortho-
logs was performed using the FUBAR (Fast, Unconstrained

DED2
8


https://ftp://ftp.ncbi.nlm.nih.gov/pub/mmdb/cdd/hiMSA
https://ftp://ftp.ncbi.nlm.nih.gov/pub/mmdb/cdd/hiMSA
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf096#supplementary-data
https://alphafold.ebi.ac.uk
https://alphafold.ebi.ac.uk

Caspase-8-ASC interactions: evolution and function in cell death - https://doi.org/10.1093/molbev/msaf096 13

Bayesian AppRoximation for Inferring Selection) program
(Murrell et al. 2013). Initially, CASP8 orthologs were re-
trieved from the NCBI Gene database (Sayers et al. 2024), fil-
tered for redundancy, and then aligned using MAFFT
program v7 (Katoh et al. 2019) with the curated CASP8PEP?
coding regions of human and mouse as templates. This re-
sulted in a final sequence set of 236 sequences and 71 sites.

Deep Analysis of DDs Using Residue Coupling and
Statistical Inference Models

Unlike the BPPS method, which partitions the input MSA into
multiple subgroups, the DARC method’s first step involves par-
titioning the input MSA by identifying the query sequence with-
in it, creating 1 or more subgroups that include the query
sequence (Tondnevis et al. 2020). The focus here is on the
query’s lineage within the superfamily hierarchy, achieved by
initially defining the query’s family through residue patterns
that effectively differentiate family members from other super-
family members. These patterns are often linked to constraints
on residues within the query sequence’s lineage, presumably in-
fluencing functional specificity. The DARC (v0.6) program also
investigates evolutionary relationships within protein multimer-
ic complexes using an input MSAs for each subunit (Neuwald
and Altschul 2018; Tondnevis et al. 2020). It recognizes query
sequences in each MSA to determine residue patterns that
may be localized to the protein complex interface. The mouse
CASP8PEP domain (DED1 and DED2 domains were submitted
separately in each calculation), and mouse ASC*YP domain se-
quences are used as queries in 2 MSAs, DD MSA and ASC
MSA. For the ASC MSA, a jackhmmer (Eddy 2011) search of
the mouse full-length ASC sequence was performed for § itera-
tions using the default settings. Sequence hits containing PYD
and CARD domains were analyzed, and alignment was per-
formed using MAPGAPS program (Neuwald 2009; Neuwald
et al. 2020). The second step of DARC involves DCA using
the CCMpred program v1 (Seemayer et al. 2014) to predict
structural contacts between columns within the query family’s
subalignment. This prediction is based on the identification of
coevolving residue pairs across aligned sequences, where direct-
ly correlated mutations suggest potential physical interactions
between residues in the protein’s 3D structure. Amino acid resi-
due changes at a given position are typically compensated by
changes at another interacting position in the input MSA, main-
taining structural integrity and forming the basis for DCA
(Neuwald et al. 2022). DARC, through initial cluster analysis,
calculates the statistical significance (S; —logyo[P-value]) of the
correspondence between pattern residues and 3D contacts
(30Sp), DC scores and 3D contacts (3pSpc), and pattern residues
and DC scores (pcSp). DARC created a PyMOL session
(Schrodinger 2024a) file that maps pattern residues and DC
pairs onto protein structures postcalculation, which was manu-
ally edited to show only results that overlapped the top 10 pat-
tern residues (ranked by their contributions to the LPR in nats)
and the residues in the DC pair.

Models of mMCASP8PEP-mASCPYP Filament

Based on the cryo-EM structure of the hCASP8 tandem DED
filament (PDB: 5108; resolution: 4.60 A) (Fu et al. 2016), a
homology model for the mCASP8 filament was built using
the MODELLER package v10.5 (Sali and Blundell 1993).
The DED sequences of human and mouse CASP8 share
63.6% identity and 76.1% similarity. The best model

identified through DOPE statistical potential, exhibits closely
aligned energy profiles with the template, indicating the mod-
el’s accuracy. Additionally, Ramachandran’s stereochemistry
check, with 96.1% favorable geometry in the mCASPSPEP
core region, further supports the model’s accuracy.
Subsequently, the mnCASP8PEP-mASCPYP complex was devel-
oped by site-directed docking of the mASC’P® monomer
(PDB: 2n1f; resolution: 4.00 A) (Sborgi et al. 2015) onto the
modeled mCASP8PEPIPEPZ interface using the HADDOCK
program (academic version 2.2) (van Zundert et al. 2016).
The constraints for docking included R41 of ASC*YP and
F143 of CASP8PEP; R41A mutation of hASCYYP affects
procaspase-8 binding (Vajjhala et al. 2015); the DED inter-
facial residue F143 of mCASP8 was chosen, as both DED do-
mains of CASP8 are required for ASC'*® binding (Vajjhala
et al. 2015). Another model of the mCASP8PEP-mASCPYP
complex was built by superimposing the mASC”P monomers
(RMSD: 0.131 A) onto the top layer of mCASP8EP filament
using the MM-align program (Mukherjee and Zhang 2009).
The mCASP8P*P-mASC™™® model was also predicted
using AlphaFold2 multimer (Evans et al. 2022)/ColabFold
(Mirdita et al. 2022). Protein structures were energy-
minimized using GROMACS MPI v2021.2 (Abraham et al.
2015) with the OPLS all-atom force field (Jorgensen et al.
1996). Structures were positioned in a cubic box with periodic
boundary conditions (enabled a minimum distance of 1 nm
from the box edges) and solvated using single point charge
(SPC) water model. The system was neutralized by adding
counterions and energy-minimized using the steepest gradient
technique with 1,00,000 steps until the maximum force on
each atom was below 1,000 k]/mol/nm. The HawkDock pro-
gram v1 (Weng et al. 2019) was utilized to calculate the bind-
ing free energy and per-residue energy decompositions of
CASP8PEP_ASCPYP models from diverse organisms using
the MM/GBSA (molecular mechanics/generalized Born sur-
face area) method. CASP8PEP domains were defined as the re-
ceptor, and the ASC”YP domain was defined as the ligand. The
MM and electrostatics were computed using a polarizable
force field based on the restrained electrostatic potential
(ff02) (Cieplak et al. 2001) and a modified GB®BC solvation
model (Onufriev et al. 2004), with all other parameters set
to default.

Dynamic Simulation of mCASP8PEP-mASCPYP
Filament

The mCASP8P*P-mASCP™P filament was simulated over a
500 ns time scale using the DESMOND module of the
Schrodinger suite 2023-1 (Bowers et al. 2006; Schrodinger
2024b). Initially, the filament was prepared with the Protein
Preparation Wizard (Schrodinger 2024c), involving atom-
typing with the OPLS4 force field (Lu et al. 2021), assigning
bond orders and protonation states (pH 7.0), adding hydrogen
atoms, and optimizing hydrogen bond networks. Furthermore,
restrained energy minimization was performed with an RMSD
convergence of heavy atoms set at 0.30 A. An orthorhombic
box enclosing the filament was created using the System
Builder module, solvated with the SPC water model, and neu-
tralized by adding Na* ions. Following equilibration, an unre-
strained production run with the NPT (constant number of
atoms, pressure, and temperature) ensemble at 300 K tempera-
ture and 1.01325 bar pressure was conducted. The system was
monitored using the Nose-Hoover thermostat (1 ps relaxation
time) and the isotropic Martyna-Tobias-Klein barostat (2 ps
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relaxation time). Coulombic interactions, both short- and long-
range, were handled using the cutoff method (9 A cutoff radius)
and the smooth particle mesh Ewald method (Darden et al.
1993) with the RESPA integrator (Tuckerman et al. 1992), re-
spectively. Frames from the system trajectory were exported at
2 ps intervals for subsequent analysis, employing metrics such
as RMSD (root mean square deviation), RMSF (root mean
square fluctuation), and Rg (radius of gyration). Protein interac-
tions and domain interfaces were analyzed using the PDBePISA
webserver (Krissinel and Henrick 2007; Protein Data Bank in
Europe 2024).

Sequence and Structure Representations

MSAs were generated using Clustal Omega program (Madeira
et al. 2024) with default settings and rendered using WebLogo
v3.0 (Crooks et al. 2004) and ESPript3 (Robert and Gouet
2014) utilities. Electrostatic surface potentials of protein struc-
tures were computed using the linear Poisson-Boltzmann equa-
tion in the DelPhi webserver (Smith et al. 2012). Initially,
mCASP8PEP-mASCP™ was converted to PQR format by as-
signing titration states and atomic charges (pH 7.0) based on
the AMBER force field (Ponder and Case 2003). Electrostatics
were then calculated at grid points with a 1.0 A resolution,
0.15 salt concentration, and a 1.4 A probe radius, with internal
and external dielectric constants of 4 and 80, respectively.
Hydrophobicity potentials were calculated upon the accessible
surface area of mCASP8P*P-mASC”P using Eisenberg hydro-
phobicity scale (Eisenberg et al. 1984). Structure illustrations
were generated using PyMOL software (Schrodinger 2024a).
Animal icons were obtained from BioRender. All high-end cal-
culations were done in the St. Jude High Performance
Computing facility (HPCF).

Cloning, Expression, and Purification of CASP8!PEP
and ASC"®, and Negative Staining of CASP8'°FP

CASP8™EP and ASCPYP were cloned into a modified pET28
vector containing His-MBP as an N-terminal tag. These clones
were then transformed into BL21 (DE3) E. coli cells, which
were grown at 37 °C in LB medium supplemented with
50 mg/mL kanamycin until the culture reached an optical
density of ~0.8. The proteins were overexpressed by adding
IPTG to a final concentration of 0.5 mM. After an additional in-
cubation period of 8 h at 18 °C, the culture was harvested by cen-
trifugation at 4,500 x g for 30 min and stored at —80 °C. Cell
pellets from both His-MBP-CASP8™EP and His-MBP-ASCFYP,
totaling 2 L of culture each, were resuspended in 100 mL of
buffer-A (50 mM Tris buffer, pH 8.0; 500 mM NaCl; 10% gly-
cerol; 10 mM BME). The suspensions were lysed through sonic-
ation and centrifuged at 45,000 x g at 4 °C for 30 min. The
supernatants were then loaded onto a nickel affinity column pre-
equilibrated with buffer-A. The proteins were eluted with
buffer-B (50 mM Tris buffer, pH 8.0; 150 mM NaCl; 500 mM
imidazole). The purified samples for CASP8™F" were visualized
using a negative staining electron microscope.

Fractions containing His-MBP-ASC"*" were pooled and
treated with 2 mg of HRV-3C protease per 20 mg of
His-MBP-ASC"YP| then incubated overnight at 4 °C while dia-
lyzing in parallel to remove excess imidazole from the elution
buffer. The digested proteins were centrifuged at 4,500 x g for
20 min to separate HRV3C protease aggregates. Immobilized
metal affinity chromatography (IMAC) was used to further
fractionate the cleaved proteins, and the cleaved
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ASC-containing flow-through was subsequently concentrated
to 1 mg/mL. His-MBP-CASP8™*P and ASCPP were further
purified using size exclusion chromatography (Superdex 200
HR 10/300 increase) (GE Healthcare), which was pre-
equilibrated with 20 mM Tris, pH 7.5; 150 mM NaCl;
2 mM TCEP.

CASP8™EP and ASCPYP Pull Down Assays

Initially, 20 pM His-MBP-CASP8™PEP was used as a bait and
incubated with 200 pL of prewashed Ni-NTA beads in a buf-
fer containing 20 mM Tris pH 7.5, 150 mM NaCl, 2 mM
TCEP for 1 h at 4 °C. After washing the beads with 40 column
volumes of the same buffer, the Ni-NTA beads were incubated
with 30 pM ASCPYP for an additional 1 h at 4 °C. Finally, the
beads were washed with an additional 40 column volumes,
and the Ni-NTA-bound proteins were mixed with 50 pL of
2x sample solubilizing buffer, boiled at 98 °C for 5 min, and
analyzed using SDS-PAGE.

Supplementary Material

Supplementary material is available at Molecular Biology and
Evolution online.
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