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Abstract

Inflammation is governed by the inflammasome: a large multiprotein complex necessary
to trigger an inflammatory response. The inflammasome adaptor ASC is responsible for
mediating inflammasome formation. ASC exists as 4 isoforms: ASC, ASCb, ASCc, and
ASCd. Of the four isoforms ASC and ASCb are capable of eliciting an inflammatory
response, however ASC is able to produce a stronger response compared to ASCh.
Structurally, ASC and ASCb are multidomain proteins containing a PYD and CARD
(Death Domain proteins) necessary to participate in homotypic interactions and drive
inflammasome formation. ASC contains a 23 amino acid linker separating the two domains
while ASCb contains a significantly shorter linker, 4 amino acids. Self-association
capabilities of ASC and ASCb as a result of linker length mediate inflammasome
formation. To further study the effects of linker length, an engineered the isoform ASC3X
with identical PYD and CARD connected by a 69-amino acid long linker (i.e., three-times
longer than ASC’s linker) was used to test the influence of linker length on the self-
association capabilities of ASC3X. To understand the self-association capabilities of each
isoform: real-time NMR (RT-NMR) was used to determine differences in their self-
association ability. dynamic light scattering (DLS) and size-exclusion chromatography
were performed to monitor their oligomer size distribution. Microstructures formed by
each isoform were images using transmission electron microscopy (TEM). DLS data
indicate ASC is able to form uniform structures in solution compared to ASCb and ASC3X.
Interdomain dynamics of each isoforms reveal the effect of linker length on domain
flexibilty. The shorter linker of ASCb restricts the PYD and CARD domain causing ASCb
to tumbles as a rod. Increasing the length of linker allowed the PYD and CARD of ASC
and ASC3X to tumble semi-independently of each other. Altogether, our data suggest that
ASC’s linker length is optimized by allowing enough flexibility to favor intermolecular
homotypic interactions and simultaneously keeping both domains sufficiently close for
essential participation in self-assembly. In addition, our results help explain at the

molecular level the differences in inflammatory response by ASC isoforms.



Chapter 1

Introduction



1.1 Role of innate immunity in inflammation

The immune system is comprised of a large network of cells, proteins, and organs
working together to protect the body from bacteria, viruses, and pollutants (1, 2). Response
and removal of pathogens by the immune system is accomplished through two separate
mechanisms necessary to distinguish self from non-self, innate and adaptive immunity (3,
4). Innate immunity is the first line of defense against any intruding pathogen. As the first
line of defense, it is capable of recognizing a broad range of foreign agents and signals (5).
Innate immunity lacks immunological memory to previous infections, instead relying on
its ability to respond to pathogens effectively and rapidly (6). Adaptive immunity is highly
dependent on previous exposure to pathogens, relying primarily on tailored made immune
receptors from previous infections (4, 7). Immunological memory from repeated exposure
to pathogenic material improves response time and removal from the host upon repeated
infection (4, 6, 7). These specialized cells of the adaptive immune system include naive T
cells, memory T cells CD4" and CD8" cells and antibody-producing B cells (Figure 1)
The innate immune system is a highly conserved defense system amongst mammals,
plants, and invertebrates (8—10). Innate immunity comprises of multiple defensive barriers
designed to protect against invading pathogens: skin, mucous membrane, low pH, chemical
mediators, phagocytic cells and inflammatory cell death (3, 9). Innate immunity involves
a wide range of various myeloid cells (macrophages, mast cells, neutrophils, basophils,
dendritic cells, and natural killer cells) necessary for the detection, signaling, and activation
of pro-inflammatory cytokines in response to a multitude of pathogens (Figure 1) (2, 11).
Activation of the innate immune system leads to an inflammatory response, characterized
by symptoms of redness, swelling, pain, and loss of tissue function (12). Although it is
nonspecific, the innate immune system is equipped with pattern recognition receptors
(PRRs) aimed in the identification of pathogen-associated molecular patterns (PAMPSs) and
damage-associated molecular patterns (DAMPS) (13, 14).
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Figure 1. Cells of the innate and adaptive immune system. Innate immune system is the first line of
defense against foreign objects. Initiation of the innate immune system is rapid, occurring hours within
infection. Innate immune cells include macrophages, basophils, mast cells, dendritic cells, and natural killer
cells. Adaptive immunity response is slower occurring days following infection. Adaptive immunity consists
of antibodies secreted by B cells and CD4*/CD8* cells secreted by T cells. Communication between innate
and adaptive is facilitated by yd T cells and natural Killer T cells. Figure adapted from ref (15).

PAMPs are a diverse set of microbial motifs that share various recognition patterns
or evolutionary conserved structures common to many pathogens (10). While DAMPs are
endogenous molecules released from damaged/dying cells (10). Recognition of PAMPs
and DAMPs are mediated by either membrane bound PRRs, Toll-like receptors (TLRs),
C-type lectin receptors (CLRs), or one of the three intracellular sensors, RIG-I-like
receptors (RLRs), NOD-like receptors (NLRs), and absent in melanoma 2 like receptor
(AIM2) (14). Activation of TLRs by a PAMP or DAMP signals the activation of the
inflammasome complex. Inflammasomes are large multiprotein platforms that necessitate
the recruitment and activation of inflammatory caspases in the presence of PAMPs and
DAMPs (15,16). Inflammasome formation is mediated by the protein adaptor ASC
(apoptosis-associated speck like protein containing a CARD) (18). ASC functions as an
adaptor bridging the inflammatory sensor (NLRs, Pyrin, and AIM2) to the effector
procaspase-1 via homotypic interactions (18, 19). Recruitment of procaspase-1 to the
inflammasome results in the autocleavage of procaspase-1 to its bioactive form caspase-1.
Once active, caspase-1 initiates an inflammatory form of cell death known as pyroptosis,
consisting in swelling of the cell membrane and release of pro-inflammatory cytokines to
the extracellular milieu (20). Active caspase-1 cleaves immature inflammatory cytokines



pro-1L-18, and pro-IL-1p into their active form. Simultaneously, caspase-1 serves to cleave
gasdermin-D into its active N-terminus form initiating the assembly of 10 — 20 nm pores
on the plasma membrane causing cellular swelling and lysis of the cell (21).

1.2 Inflammation in health and disease

As mentioned previously innate immunity serves to rapidly detect and remove
infectious agents/pollutants from the host via the inflammatory response. However,
overstimulation of the inflammasome by either disease or genetic background can have a
profound effect on the inflammatory pathway leading to excessive (chronic) inflammation
or insufficient inflammation. Dysregulation of either the sensor, adaptor or effector are
associated with various inflammatory diseases. Overproduction of IL-1p, due to high
caspase-1 activity, is prevalent in hereditary diseases such as cryopyrin-associated periodic
syndromes (CAPS), and familial Mediterranean fever (FMF) (22, 23). Dysregulation of
inflammatory sensors and ASC are associated with Psoriasis (24), Type 1 (25, 26) and 2
Diabetes (27, 28), Inflammatory bowel disease (29, 30), and have been linked to
Alzheimer’s disease (30, 31).

1.2.1 Hereditary autoinflammatory disease

Cryopyrin-associated periodic syndromes are a spectrum of rare hereditary diseases
related to inflammasome dysfunction (23). In order of severity, these include familial cold
autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and neonatal-
onset multisystem inflammatory disease (NOMID) (33). Mutations in the inflammasome
sensor, NLRP3, result in the overstimulation of the inflammatory response leading to a
higher-than-normal production of IL-1p. Overproduction of IL-1 results in repeated bouts
of systemic inflammation throughout the body. Although, genetically similar each
cryopyrinopathy has distinct symptoms unique to each syndrome (33, 34). FCAS is
characterized by recurrent urticaria, arthralgia, and fever upon exposure to cold
temperatures. MWS can appear spontaneously without any apparent trigger and is
characterized by conjunctivitis and renal amyloidosis. NOMID being the most severe of
cases, involves central nervous system degradation that can result in hearing loss and
meningitis. Treatment of CAPS is performed by targeting IL-1B with known IL-1B
inhibitors such as anakinra, rilonacept, and canakinumab (33, 34).

1.2.2 Neuroinflammation in neurodegenerative diseases

Chronic neuroinflammation is associated in the pathogenesis of Alzheimer’s
disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) (35, 36).
Neuroinflammation is characterized as the clearance of pathogens, misfolded proteins, and
cellular debris from the central nervous system (CNS) (37). The CNS is composed of glial



cells, consisting of astrocytes, microglia, and oligodendrocytes serving as regulators of the
inflammatory response. Currently, NLRP1, NLRP2, NLRP3, NLRC4 and AIM2 have been
implicated in the progression of neurodegenerative disease. Alzheimer’s is a
neurodegenerative disease associated with a loss of memory and cognitive functions over
time (38). Alzheimer’s is characterized by the presence of Amyloid-beta plaques and tau
tangles (38). Under normal conditions amyloid beta (Ap) is cleaved into its Ap-40 fragment
by B-secretase; however, during the onset of AD, amyloid beta is cleaved into its neurotoxic
form, AB-42, causing it to aggregate into Ap plaques (38, 39). Accumulation of AB has
been shown to activate the NLRP3 inflammasome in microglia (40). In addition, ASC is
able to associate with A clusters inducing pyroptosis in surrounding microglia leading to
a mass release of ASC-Ap clusters (31). Overproduction of IL-1B as a result of chronic
inflammation induces brain damage and affects synaptic plasticity (41, 42). Several
strategies have been shown to prevent and ameliorate the brain inflammatory response,
such as, an IL-1p blocking antibody and small-molecule NLRP3 inhibitor (JC-124) (43,
44). Parkinson’s is a neurodegenerative disorder characterized by the presence of a-
synuclein and loss of dopaminergic neurons leading to a loss of motor functions. Studies
have shown the ability of a-synuclein to activate the NLRP3 inflammasome in monocytes
and microglia (45, 46). In agreement with these studies, the caspase-1 inhibitor AC-
YVAD-CMK in NLRP3 knockout mice was shown to prevent the loss of dopaminergic
neurons typical of Parkinson’s (47, 48).
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Figure 2. Inflammation in Alzheimer’s and Parkinson’s Disease. In Alzheimer’s disease, the production
of AP plaques induce NLRP3 inflammasome formation in microglia cells. a-synuclein produced by
dopaminergic neurons are sensed by microglia cells activating the NLRP3 inflammasome producing an
overabundance of IL-1p. Pyroptosis of microglia releases IL-1p causing the degeneration of dopaminergic
neurons.



1.2.3 Inflammatory bowel disease

Inflammatory bowel disease are recurrent chronic inflammatory events of the colon
and small intestine (29, 30). Damage and or disruption of the gut microbiome and mucosal
barrier elicit strong inflammatory responses in the gut (49). Several studies have recently
reported a role of the inflammasome sensor NLRP3 in the pathogenesis of in Inflammatory
bowel diseases (49-51). IBD is comprised of ulcerative colitis and Crohn’s disease.
Complications in ulcerative colitis can range from abdominal pain to weight loss and lead
to inflammation of joints and ultimately colon cancer. Multiple studies have linked NLRP3
SNPs (single nucleotide polymorphisms) to susceptibility of ulcerative colitis (52, 53).
Interestingly, the food additive, titanium dioxide (TiO2) nanoparticles, were reported to
damage intestinal mucosal barrier resulting in the activation of the NLRP3 inflammasome
and increase in IL-1p and IL-18 (54). Similarly, NLRP3 dysregulation is implicated in the
progression of Crohn’s disease. CARDS, a negative regulator of NLRP3, normally binds
to the NLRP3 inflammasome and inhibits its binding to ASC (51). Mutations in CARD8
resulting in a loss of function were found to prevent CARDS from binding to NLRP3 and
resulted in an increase severity of Crohn’s disease (51).

1.2.4 Skin disease

The skin is an essential barrier that is permanently exposed to the environment. As
the interface between environment and host it is the primary defense against environmental,
physical, and biological threats (55, 56). Secondly, the skin serves as a mode of
thermoregulation and water retention. As such, it is composed of two main parts, the
epidermis and dermis layers. The epidermis, consisting of multiple layers of tightly packed
keratinocytes, functions as a strong physical barrier against external stimuli. Formation of
the epidermis is driven by a programmed process of differentiation, whereas migration of
keratinocytes to the surface cause morphological and biochemical changes to the cell (57).
Keratinocytes serve two roles: to act as a physical barrier against bacterial and viral agents
and promote the release of anti-microbial peptides and proinflammatory cytokines (58).
The dermis layer contains specialized adaptive and innate immune cells as well as
providing support to the epidermis layer (Figure 3). Human keratinocytes have been found
to express inflammatory components ASC, procaspase-1, and notably NLRP1. Exposure
to ultraviolet B radiation (UVB) has been shown to induce activation of the NLRP1
inflammasome leading to sunburns (59, 60). Inflamed skin due to atopic dermatitis and
psoriasis has become increasingly linked to AIM2 inflammasome activation. Abundant
cytosolic DNA released by psoriatic lesions were found to trigger release of IL-1p via
AIM2 inflammasome activation.
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Figure 3. Immune cells of the skin. The skin is composed of two layers: the epidermis and the dermis. The
epidermis is composed of four different layers made of keratinocytes in diverse differentiated states.
Inflammatory producing cells include Langerhans cells, melanocytes, and keratinocytes. The dermis layer
harbors immune cells of both the innate and adaptive systems. Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature. Reviews Immunology. Skin immune sentinels in health
and disease, Frank O. Nestle et al, Copyright (2009). (56).



Chapter 2

Molecular components involved in the
Inflammatory response



2.1 Death Domain Superfamily

The Death Domain superfamily is a large collection of structurally similar proteins
involved in cellular death (61, 62). It is comprised of four subfamilies: death effector
domain (DED), death domain (DD), caspase recruitment domain (CARD), and the pyrin
domain (PYD) (61). The human genome is composed of 32 DDs, 7 DEDs, 28 CARDs,
and 19 PYDs (61). A common feature amongst the death domain superfamily is the
presence of six a-helices arranged in a Greek key bundle (63). The six a-helices are variable
among the four subfamilies, differences in orientation and length of each helix result in
differences in the structural configuration of each subfamily (61). Homotypic interactions
within each subfamily facilitate the assembly of structural scaffolds necessary for the
activation of either apoptosis or pyroptosis. Both apoptosis and pyroptosis are forms of
cellular death, initiated in response to host infection by pathogenic or viral agents (20, 64).
Apoptosis is characterized by nuclear/cytoplasmic condensation and cellular fragmentation
into apoptotic bodies (65). Pyroptosis is an inflammatory form of cell death that results in
the rapid swelling and rupture of macrophage cells (20, 65). The integral role of the Death
Domain family in both apoptosis and pyroptosis is evidenced by the requirement of
multiple death domain proteins needed for cellular signaling and self-association leading
to either apoptosis or pyroptosis. Death domain members interact with each other through
three distinct interactions Type I, Type Il, or Type Il (66-68). Self-association of death
domain proteins leads to an increase in the local concentration of effector proteins involved
in signal transduction such as, ubiquitin ligases, deubiquitinases, kinases, and caspases
(66).

2.1.1 CARD domain

Currently, ~ 33 CARD containing proteins have been identified in humans (69).
The CARD domain is a protein consisting of ~ 90 amino acids and serves to function in
protein-protein interactions necessary for pyroptosis, apoptosis, and cellular signaling (61,
70, 71). Generally, CARD containing proteins are classified into two categories: adaptor
proteins involved in scaffolding/signaling, and prodomain caspases containing a CARD at
the N-terminus. CARD containing caspases include caspases, -1, -4, -5, and -12 involved
in inflammation and caspase-8 and caspase-10 in apoptosis (64, 69, 72). As the second
largest family member and mediator of both apoptosis and pyroptosis, CARD-CARD
interactions are necessary for the formation of large molecular platforms for signaling
processes. CARDs contain the conserved six-helical bundle common to the death domain
family. Unique to the CARD family is the presence of a bent/broken H1 splitting the first
helix into two separate helices termed Hla and H1lb (61, 69). A comparison of CARD
domains from ICEBERG, CARMAL, procaspase-1, and ARC CARD show similar
structural homology and surface charge distribution (Figure 4). The surface charge of
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CARD proteins indicates CARD proteins mainly interact through electrostatic interactions.
Interactions between CARD-CARD dimers were first demonstrated from the crystal
structure of Apaf-1 complexed with the CARD of procaspe-9 (Figure 4E) (67). The
binding is primarily driven by numerous salt bridges formed between helices H1 and H4
of the CARD of procaspase-9 with helices H2 and H3 of Apaf-1. These are termed type |
interactions (67). Recently, the crystal structure of apoptosis repressor with caspase
recruiting domain (ARC) has also revealed an altered form of the CARD protein distinct
from other death domain proteins (73). ARC CARD contains a 5-helix fold motif instead
of the conserved six-helix fold unique to death domains (73). H6 was instead found to be
disordered and not necessary for the function of ARC CARD. Notably, CARD containing
proteins have also shown the ability to self-associate and form filaments utilizing type I,
type I, and type Il interactions. Cryo-EM structures of ASC®ARP and NLRCA4CARD
demonstrate the ability of the CARD domain to form tightly packed helical filaments of ~
8 nm in diameter utilizing type I, 11, and 111 interactions to self-associate (74).

CASPASE-9
CARD

Figure 4. Structural similarities between the CARD family. (A)-(C) Structural similarity of the CARD
domain from different proteins depicting the broken H1 and similar bipolar charge distribution of ICEBERG
(pdb 1DGN) (75), CARMAL (pdb 4116) (76), Caspase-1 CARD (pdb 5FNA) (77). (D) depiction of ARC
CARD (pdb 4UZ0) (73) containing the characteristics typical of CARD domains but lacking H6 common to
the death domain family. Ribbon diagrams (top) and electrostatic surfaces (bottom) are shown. (E) Type |
interaction between H2 and H3 of APAF-1 and H1 and H4 of Caspase-9 card (pdb 3YGS) (67). Add helix
numbers in A-D.
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2.1.2 Pyrin Domain

The PYD domain, originally discovered in the Pyrin protein Marenostrin (MEFV),
is a 90 amino acid protein containing the six anti-parallel a-helices stabilized by a
conserved central hydrophobic core (61, 78-80). The PYD domain is present in 23 human
genes and appears exclusively at the protein N-terminus (79). The hydrophobic core is
stabilized by residues belonging to H1, H2, H4, H5, and H6, whereas H3 does not
contribute to the formation of the hydrophobic core. A structural analysis of PYDs present
in the NLR family, ASC?YP, ASC2, and AIM2PYP indicates structural homology among
them, and points to a distinctive long loop connecting H2 and H3, with the exception of
AIM2 with a shorter H2-H3 loop, and an overall shorter H3 compared to other death
domain proteins (Figure 5) (79-81). Alterations in H3 of the PYD containing proteins is
considered vital in PYD-PYD interactions. PYD-PYD interactions are primarily facilitated
by charged and hydrophobic residues (79). PYD proteins can exist as part of multi domain
proteins (NLRs, AIM2, ASC) or as PYRIN domain-only proteins (POPSs) (70). POPs are
small proteins (10-13 kDa) that serve as negative regulators of inflammasome formation.
Presently, there are three POPs that have been identified, POP1, POP2, and POP3 (82-84).
However, PYDs present as part of a multidomain protein are necessary for inflammasome
formation.

Figure 5. Structural comparison of different PYD domains. (A) 3D NMR solution structure of NNLRP3
PYD (pdb 2NAQ) (85). (B) NMR structure of ASC PYD (pdb 1UCP) (86). NMR solution structure of ASC2
(pdb 2HMZ2) (87). Crystal structure of AIM2 PYD (pdb 3VD8) (81). Ribbon diagrams (top) and electrostatic
surfaces (bottom) are shown.
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2.2 Inflammasome receptors

Formation of the inflammasome complex is necessary for caspase-1 activation and
initiation of pyroptosis. Numerous cytosolic inflammasome sensors have been identified
in inflammasome formation including: NLRP1, NLRP2, NLRP3, NLRC4 NLRP6,
NLRP7, NLRP12 AIM2, Pyrin, and IFI16 (Figure 6) (17, 19, 88). Each inflammasome
sensor consists of multiple subunits. Sensors can contain the following subunits: caspase
activation and recruitment domain (CARD), nucleotide-binding and oligomerization
domain (NACHT), Pyrin Domain (PYD), leucine rich repeat (LRR) etc... (Figure 6) (17,
88). Each sensor can uniquely respond to specific stimuli designating its use for
inflammasome complexation. For example, NLRC4 and NLRP1 are prompted for
inflammasome formation by gram-negative bacteria, while double stranded DNA (dsDNA)
exclusively binds to AIM2, triggering the formation of the AIM2 inflammasome (89-91).
PAMPS and DAMPS produced by Gram-negative and Gram-positive bacteria result in
NLRP3, NLRP2, NLRP7, and NLRP12 inflammasome formation (92-94). Activation of
these cytoplasmic sensors leads to the activation and nucleation of the adaptor protein ASC
and subsequent recruitment of procaspase-1.

NLRPT NLRP3 NLRC4 AIM2 IFI16  Pyrin

(] o fay ©
>0 z0 =0 S8 88 3o
=0 %0 zZzF 2@ °
IIO
l_
E:) o
= e T =
<II98§
== ol |l ol | at) 9K s
=Ll 3 2§ °
T
()]
& a A
_lem O
oy < >
O o
o
=
L
()
(1
<
O

Figure 6. Inflammasome receptor. Inflammasome receptors carry multiple protein domains.
Inflammasome sensors can contain a combination of the following domains: pyrin domain (PYD),
nucleotide-binding and oligomerization domain (NACHT), leucine rich repeat domain (LRR), caspase
activation and recruitment domain (CARD), HIN200 domain, B30.2 domain, coiled-coil domain (C-C), a B-
box domain (bBox), and a function-to-find domain (FIIND).
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2.2.1 NLRP3 inflammasome

The inflammasome complex is a multimeric protein complex that is composed of
three primary components: a sensor, adaptor, and an effector. NLRP3 inflammasome
complexation is unique in its ability to respond to a multitude of stimuli (95). NLRP3 has
been shown to respond to various PAMPs such as bacterial lipopolysaccharides, O
antigens, and peptidoglycan (93). Similarly, DAMPs such as ATP, monosodium urate
(MSU), and calcium pyrophosphate dehydrate (CPPD), as well as notable environmental
triggers such as silica, asbestos, and aluminum can activate the NLRP3 sensor (96-98).
Depending on the stimulus, NLRP3 can be activated through a canonical or non-canonical
pathway. Canonical activation of NLRP3 is a two-step process requiring a priming step for
the transcription of NLRP3 and inflammatory cytokines pro-IL-1p and pro-1L-18 and an
activation step to initiate NLRP3 inflammasome formation (Figure 7) (93, 99). Priming of
the cell requires either a DAMP or PAMP activating TLR4 or tumor necrosis factor
receptor 1 (TNFR1) to upregulate NLRP3 and pro-IL-18 and pro-IL-18 in a NF-«B-
dependent way (100). Simultaneously, a second signal is needed to activate the NLRP3
sensor to trigger inflammasome assembly. The secondary signal can range from alteration
in cellular concentration of K* through efflux, increases in intracellular Ca®", or release of
mitochondrial DNA (mtDNA) to the cytosol (93, 101, 102). NLRP3 begins to self-
associate through the NACHT domains and recruits ASC via its PYD domain (103). ASC
subsequently recruits procaspase-1 via its CARD domain enabling the activation of
procaspase-1 by proximity-induced self-cleavage into its active form . Caspase-1 cleaves
pro-IL-1pB and pro-IL-18 into its active forms while simultaneously cleaving Gasdermin-D
into a N-terminus and C-terminus fragment (21, 104). The N-terminus is transported to the
plasma membrane and forms 10-20 nm size pores (105, 106). The production of the pores
causes the cell to undergo an inflammatory form of programmed cell death known as
pyroptosis. During pyroptosis the cell begins to swell and eventually ruptures releasing IL-
1P and IL-18.
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Figure 7. Canonical NLRP3 inflammasome activation. NLRP3 activation requires a priming signal (left)
and an activation signal (right). Priming involves the presence of a PAMP or DAMP interacting with TLR4
or TNFR increasing the transcription of NLRP3 and proinflammatory cytokines pro-I1L-1p and pro-1L-18.
Activation of NLRP3 is achieved by multiple upstream signaling events: mtDNA, K* efflux, Ca?* flux, ROS
production, and lysosomal disruption. NLRP3 activation recruits ASC and caspase-1 to the inflammasome
complex. Activated caspase-1 cleaves gasdermin-D, initiating gasdermin-mediated pyroptosis. Originally
published in Frontiers Cell and Developmental Biology. NLRP3 Inflammasome: A Promising Therapeutic
Target for Drug-Induced Toxicity. Wei Shanshan et al. © 2021. CC BY. (107).

NLRP3 inflammasome activation can also proceed through a non-canonical
fashion. Specific gram-negative bacteria such as Escherichia coli, and Vibrio cholerae
have been known to activate an alternative NLRP3 pathway (108). Activation of the
NLRP3 non-canonical pathway is mediated by the TLR4-TRIF recognition of LPS
necessary for the upregulation of Type | IFN (Figure 8) (109, 110). Type | and Type II
IFN are required for expression of caspase-4/5/11, an important prerequisite for non-
canonical inflammasome activation. In contrast to canonical inflammasome activation,
caspase-4/5/11 act as both the sensor and effector molecules for LPS (111, 112). Caspase-
4/5/11 are able to directly interact with LPS through their CARD domain (111, 112).
Binding of caspase-4/5/11 initiates self-association into the active forms. Simultaneously,
NLRP3 inflammasome formation is activated indirectly due to the stress of molecular
events surrounding the cell leading to the activation of caspase-1 (112). Activated caspase-
4/5/11 and caspase-1 can directly cleave gasdermin-D into its active N-terminus fragment
initiating pyroptosis of the cell.
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Figure 8. Non-canonical NLRP3 inflammasome activation. LPS recognition by TLR4 and Type | & Il are
required for the expression of casapase-4/5/11. Extracellular LPS internalized by endocytosis interacts
directly with caspase-4/5/11. Simultaneously, PAMPs/DAMPs activate NLRP3 inflammasome resulting in
caspase-1 activation. Caspase-1/4/5/11 can activate gasdermin-D resulting in pyroptosis of the cell.
Originally published in Molecular Aspects of Medicine. An overview of the non-canonical inflammasome.
Kevin P. Downs et al. © Elsevier 2020. CC BY. (112).

2.2.2 NLRP1

NLRP1 was the first cytosolic inflammasome receptor linked to the activation of
proinflammatory caspases (16). Activation of inflammatory caspases was achieved by a
multiprotein complex consisting of NLRP1, ASC, and caspase-1 termed the inflammasome
(16). In contrast to the rest of the NLR family, NLRP1 contains two unusual features.
NLRP1 possesses both a N-terminal PYD domain and a C-terminal CARD domain and a
proteolytic function-to-find-domain (FIIND) required for NLRP1 inflammasome
activation (Figure 6) (113). Only one NLRP1 gene is believed to be encoded in humans
compared to the multiple NLRP1 orthologs encoded in mice (114). Understanding of
human NLRP1 stems from the numerous experiments performed using the murine
analogue NLRP1b. Notably, Bacillus anthracis Lethal Toxin (LeTx) was shown to activate
murine NLRP1b inducing an inflammatory response (115). N-terminal proteolysis by B.
Anthracis lethal toxin was necessary for the activation of murine NLRP1b, as well (116,
117). Introduction of proteasome inhibitors negated murine NLRP1b activity (118).
Similarly, Toxoplasma gondii, Shigella flexneria, and Listeria monocytogenes have been
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demonstrated to activate human NLRP1. Based on the N-terminal cleavage of NLRP1b a
functional degradation model was proposed for its activation (Figure 9) (119). As proposed
by the model, N-terminal cleavage of the PYD domain results in proteasome-dependent
NLRP1b activation (119). Destabilization of the N-terminus by lethal factor (LF) cleavage
and subsequent ubiquitinoylation of the N-terminus by UBR2 marks the NLRP1b sensor
for degradation (119, 120). During proteasome degradation the FIIND domain auto cleaves
releasing the FIINDY"A-CARD allowing it to interact with the ASC®ARP and the caspase-
1CARD forming the NLRP1b inflammasome (120).
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Figure 9. Functional degradation model for NLRP1b activation. Lethal factor (LF) cleaves at the N-
terminus allowing UBR2 to recognize and ubiquitinate the N-terminus of NLRP1B. UBR2-mediated
ubiquitination induces the proteosome degradation of NLRP1b. The C-terminal UPA-CARD is liberated and
forms the NLRP1b inflammasome. Originally published in Immunological Reviews. The NLRP1 and
CARDS inflammasomes. Cornelius Y. Taabazuing et al. © John Wiley & Sons A/S 2020. CC BY. (120).

2.2.3 NLRC4 inflammasome

The organization of NLRC4 is similar to that of other NLR family members; it is
composed of a C-terminal LRR, NACHT domain, followed by a N-terminal CARD domain
instead of the usual PYD domain. NLRC4 is mainly activated by flagellin, type 111 (T3SS)
and type IV secretion systems (T4SS) by various gram-negative bacteria, including
Shigella flexneri, Legionella pneumophila, and Pseudomonas aeruginosa (121-123). To
date, no association between the components of the T3SS, T4SS and flagellin have been
shown to directly interact with NLRC4, instead it is presumed pathogen detection is
facilitated by the upstream regulators from the NAIP (neuronal apoptosis inhibitory
proteins) family (124). NAIPs are tripartite proteins containing a Baculovirus inhibitor of
apoptosis protein repeat (BIR-domain), a central nucleotide binding and oligomerization
domain (NOD) and C-terminal leucine rich repeat (LRRs). NAIP proteins function as co-
receptors for NLRC4 by detecting specific PAMPs and initiating NLRC4 self-association
(124, 125). Murine genome encodes for multiple NAIPs while the human genome only
encodes a single NAIP gene (126-128). The central NOD domain of NAIPs dictates its
specificity for various PAMPs. For example, NAIP5/6 are able to detect bacterial flagellin,
whereas NAIP1 binds to T3SS needle protein (129, 130). Since humans encode a single
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NAIP, different isoforms of the NAIP gene as a result of alternative splicing are assumed
to confer similar specificity to PAMPs (128). As shown in Figure 10 interferon regulatory
factor 8 (IRF8) is present in the cell under basal conditions; in the presence of IFN/LPS
IRF8 induces transcriptions of various NAIPs. Ligand bound NAIP complexes with
NLRC4 initiating rapid self-association of NLRCA4. It has been noted NLRC4 is able to
directly interact with the CARD domain of caspase-1 without the need of the adaptor
protein ASC; however procaspase-1 activation is reduced (131). Incorporation of ASC to
the NLRC4 complex leads to an enhancement of procaspase-1 activation, thus promoting
a higher inflammatory response.
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Figure 10. NLRC4 inflammasome activation. NLRC4 activation requires NAIP for PAMP recognition.
Upon stimulation by IFNs and LPS, transcription factor IRF8 induces the expression of various NAIPs.
NAIPS sense T3SS, T4SS, and bacterial flagellin of gram-negative bacteria. Binding of NAIP to PAMPs
allows it to complex with NLRC4 initiating NLRC4 inflammasome formation. Reprinted from Cell, 173,
Rajendra Karki, IRF8 Regulates Transcription of Naips for NLRC4 Inflammasome Activation, pg 920-933,
Copyright 2018, with permission from Elsevier. (127)

2.2.4 Aim2 inflammasome

AIM2 is a critical inflammatory receptor necessary for the recognition of cytosolic
DNA (90, 91). AIM2 consists of a N-terminal PYD domain connected to a C-terminal
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hematopoietic interferon-inducible nuclear protein with a 200-amino acid repeat (HIN200)
domain (81). Furthermore, the HIN200 domain is subdivided into two OB
(oligonucleotide/oligosaccharide binding) folds necessary for nucleic acid binding, termed
OB1 and OB2 (132). OB1 and OB2 are connected by a long linker composed of a helix-
loop-helix motif (133). OB1 and OB2 folds consist of highly conserved topological
arrangement of five B-strands; interaction between the two folds is accomplished through
extensive hydrophobic interactions (134). A comparison of ALR HIN domains reveals
structural similarities in three different sub-classes; HIN-A, HIN-B, and HIN-C, each with
their own function and DNA binding affinity (135). Under basal conditions the HIN200
domain serves a secondary purpose, to keep AIM2 in an autoinhibited state through
AIM2PYP-HIN200 interactions (136). As shown in (Figure 11) binding of cytosolic DNA
to the HIN200 domain releases it from its autoinhibited state. Both OB1 and OB2 contain
positively charged patches of arginine and lysine residues that directly interact with the
DNA phosphate backbone (136). Binding of HIN200 to dsDNA allows for multiple
monomers of AIM2 to bind the dsDNA. Clustering of AIM2 leads to the nucleation of the
AIM2PYP (137), which recruits ASC through AIM2PYP-ASCPYP interactions (137). This
assembly carries ASC*RP for caspase-1 recruitment and activation, leading to pyroptosis.
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Figure 11. AIM2 inflammasome activation. Prior to AIM2 activation, N-terminal PYD and HIN200 region
are complexed maintaining AIM2 in an autoinhibitory state. The presence of dsSDNA activates AIM2 and
interacts with the HIN200 domain of AIM2. Multiple copies of AIM2 interact with the dsSDNA causing the
recruitment of ASC through the AIM2PYP domain and procaspase-1 through the ASC®ARP domain forming
the AIM2 inflammasome complex. Activated caspase-1 cleaves gasdermin-D and pro-1L-1f into active forms
resulting in pyroptosis and release of IL-1p.
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2.2.5 Pyrin

Pyrin is a large 86 kDa protein located in immune cells (138-140). Pyrin is
composed of four functional domains: a pyrin domain (PYD), a zinc finger domain (bBox),
coiled coil domain (CC), and a B30.2/SPRY domain (138). Unlike the rest of the
inflammasome sensors Pyrin reacts to pathogen activity indirectly rather than through the
direct recognition of PAMPs (141). Activation of Pyrin is dependent on the modification
of Rho/A/B/C GTPases by bacterial toxins/effectors (101, 141, 142). Modification of Rho
GTPases include adenylation, glycosylation, and ADP-ribosylation (141). Modified Rho
GTPases haves been shown to affect microtubule dynamics, specifically actin
polymerization (141, 143). Changes in actin polymerization are sensed by Pyrin, leading
to its activation. Prior to Pyrin activation, Pyrin exists in an autoinhibited state. Pyrin
contains two phosphorylation sites, Ser-208 and Ser-242, which are required for 14-3-3
binding (143). Following bacterial virulence and Rho GTPase modification,
dephosphorylation of both serine sites removes 14-3-3 releasing Pyrin from its
autoinhibited state. Once in active form, Pyrin self-associates through its coiled-coil
domain, leading to the recruitment of ASC through its PYD domain and the recruitment of
procaspase-1.

2.3 ASC

2.3.1 ASC Structure

The inflammasome adaptor ASC is a 195 amino acid protein consisting of a N-
terminal PYD domain and a C-terminal CARD domain connected by a 23-amino acid
linker (Figure 12) (144). Both the PYD and CARD domain of ASC adopt the six helical
bundle motif typical of the Death Domain superfamily (145, 146). The PYD domain of
ASC shares structural similarities common to other PYD domains, such as a long loop
connecting H2 and H3, and a short H3. The ASCPYP surface is highly bipolar composed of
negatively charged amino acid residues located at H1 and H4, and a positively charged
surface containing positively charged residues located at H2 and H3 (61, 86). The large
charge-charge interaction is largely conserved among PY D domains and is the predominant
interaction involved in ASCPYP self-association. ASCPYP type | interaction involves
residues E13 (H1), D51 (H4), H5, and D48 (H3-H4 loop) interacting with residues
K21(H2), R41(H3), and C-terminus of H5 (85, 137). Furthermore H2 and H3 are orientated
perpendicular to H1 and H4, allowing ASC”YP binding motifs to further interact with other
available ASCPYP during self-association (103). Additionally, ASCPYP-ASCPYP type |
interactions are supported by various hydrophobic interactions. Three solvent exposed
residues L25, P40, and L45 were found to interrupt ASCPYP self-association (147). P40 is
involved in a type 111 interaction between H2-H3 loop of one ASCPYP with H1-H2 corner
of another ASCPYP (137). Particularly, L25A mutations have been shown to disrupt
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ASCPYP self-association; as confirmed by NMR-based chemical shift analysis, L25
mutations structurally perturb the preceding residue K24 resulting in the destabilization of
H3, thus reducing the ability of ASCPYP to self-associate (85). In addition, 11 conserved
hydrophobic residues (I8, L12, L15, L20, F23, L27, L52, L56, L68, V72, M76) buried
within the PYD core are necessary for the stabilization of ASC”YP structure and filament
formation (86, 147). Mutations at any of these amino acid residues result in loss of ASCPYP
self-association capabilities and collapse of the ASCPYP. Cryo-EM structure of the ASCPYP
filament reveal the formation of a tightly packed helical filament with a hollow center of ~
20 A and an outer diameter of ~90 A (137). Type I, 11, and 111 interactions were shown to
play an important role in the formation of the helical filament. The type | interaction is
predominant resulting in buried surface area of 880 A? compared to 540 A2and 360 A2
buried surface area from type Il and Type I11 interactions, respectively (137).

PYD CARD

Figure 12. Structure of ASC. 3D solution structure of ASC as determined by NMR (pdb 2KN6) (145). PYD
and CARD domain of ASC are shown in orange and blue, respectively. N and C denote the N-terminus and
C-terminus of the protein. H1-H6 denotes the conserved six helix bundle representative of the death domain
superfamily. Ribbon diagram was generated using ChimeraX (148).

ASCCARD adopts the conserved six helical bundle present in death domains.
However, ASC®ARP contains several unique features compared to other CARD containing
proteins. ASC®ARP does not display a fragmented helix 1 (H1a and H2b), H2 and H3 have
a different orientation, and the electrostatic surface has an even distribution of positive and
negatively charged residues on the surface (67, 145). NMR chemical shift analysis
indicates the presence of three contacting regions involved in ASCCARP- ASCCARD gelf-
association; these regions located at the N- and C- terminus of H1, H6, N- and C-terminus
of H5 and H6, and H2 and H3 constitute the type I, 11, and 111 interactions involved in self-
association (145). Cryo-EM structures of ASCARP indicate the ability of ASC“ARP to self-
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associates into helical filaments with an inner diameter of ~ 10 A and an outer diameter of
~ 80 A (74). Similar to ASCPYP, ASCCARP filament formation is mediated by Type 1, II,
and Il interactions. Type | interactions involve contacts between residues R119 (H2) with
residues E130, D134, and R160 of H1 and H4 (74). These residues are complementary
pairs and are the predominant interaction in filament formation. Type Il interactions
involve contribution from the hydrophobic residues W169 (H4-H5 loop) and Y187 (H6).
Lastly, type Il interactions involve residue R160 (H4) interacting with residue D143, and
E144 of H3 (74). Mutations of the aforementioned residues in Type I, type 11, and Type 1lI
were found to completely abolish filament formation, confirming their importance to
filament formation (74).

2.3.2 ASC Function

ASC was originally discovered in leukemia HL-60 cells, it was detected as an
aggregate speck-like complex in apoptotic cells indicating a role for ASC as an inducer of
the apoptotic pathway in the presence of certain anti-cancer drugs such as etoposide or
vincristine (144). Regulation of ASC expression was shown to be affected by aberrant
methylation of its promoter region; increased methylation of the ASC promoter region
effectively silences ASC expression providing breast cancer and various cancer lines the
ability to escape death and continue proliferation (149, 150). As a result of its ability to be
methylated in various cancer cell lines, ASC was deemed a pro-apoptotic factor and was
alternatively named Target of Methylation-induced gene Silencing 1 (TMSL1). Early in its
inception, ASC(TMS1) was determined to be caspase-9-dependent leading to the
redistribution of ASC in the cytosol to form perinuclear aggregates (ASC specks) similar
to the spherical structures originally seen by Matsumoto et al. (151). Although ASC was
originally described as a pro-apoptotic protein, it quickly became evident that it played a
vital role in pyroptosis. Under basal conditions ASC localizes to the nucleus in resting
macrophages (18). Activation of the inflammatory response by PAMPs or DAMPS prompts
the self-association of ASC from the nucleus to the cytosol. Formation of the ASC
pyroptosome is mediated mainly by ASC self-association resulting in a large molecular
platform with a dimeter of ~ 1 um necessary for procaspase-1 activation (152). It has been
determined that only one ASC speck forms per cell and ASC speck formation is a fast
process occurring within minutes of a PAMP/DAMP stimulus. Additionally, super-
resolution microscopy studies of full-length ASC have shown that ASC self-associates to
form rings (ASC specks) of ~ 0.6 - 0.7 um that interact with similar ring-like structures of
NLR, situating pro-caspase-1 in the center and initiating pyroptosis (153). Furthermore,
TEM studies of full-length ASC show its propensity to form filamentous macrostructures.
ASC tends to form long filaments (600- 800 nm) of 6.4 + 0.8 nm average width (154). ASC
filaments stack laterally and are composed of 2-7 filament bundles. Interestingly ring-like
structures observed in TEM agree with the ASC dimer model derived from molecular
docking using HADDOCK, suggesting the ASC dimer is a necessary step for ASC self-
association (154).
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2.3.4 ASC isoforms

Besides the ability of ASC to act as an adaptor between inflammatory sensor and
effector, ASC is thought to also play a role in modulating the inflammatory response. ASC
exists as four different isoforms. Canonical ASC containing a PYD, and CARD connected
by a 23-amino acid linker, ASCb structurally similar to ASC, but with a 4-amino acid
linker, ASCc consisting of a CARD domain and linker, but lacking H3-H6 of the PYD,
and ASCd containing H1 and H2 of the PYD linked to a novel 69 amino acid domain
(Figure 13) (18). The CARD, PYD and linker region of ASC is encoded by 3 exons. Exon
1 encodes for the PYD, exon 2 for the linker region, and exon 3 for the CARD domain
(155). Generation of ASCh, ASCc, and ASCd is accomplished through alternative splicing
of the 3 exons to generate the different isoforms of ASC (155). Generated isoforms display
different characteristics compared to ASC.

A C
PYD CARD PYD CARD

Canonical ASC ASCc

Forms circular ASC specks Missing H3-H6 of PYD
Forms irregular filaments
B D

PYD —H CARD PYD Novel Domain
ASCb ASCd
shorter linker Has H1&H2 of PYD fused
forms irregular filaments to a novel domain

Figure 13. ASC isoforms. (A) Canonical ASC containing a PYD and CARD domain connected by a 23
amino acid linker. (B) ASCb containing both the PYD and CARD domain connected by a 4 amino acid
linker. (C) ASCc contains the CARD domain and linker region but is missing H3-H6 of the PYD domain.
(D) ASCd represents a novel domain connected to a partial PYD domain.

ASC is shown to localize to the nucleus in resting macrophages. During an
inflammatory event, ASC migrates to the cytosol forming the ASC speck (18). Formation
of the ASC speck was found to localize with NLRP3 through PYD-PYD interactions and
procaspase-1 through CARD-CARD interactions, thus promoting the activation and
release of IL-1p from immune cells (18). ASCb does not display a similar localization
pattern to ASC, instead ASCb is diffused throughout the cytoplasm. With the only
difference being the length of the linker, it is presumed a specific linker length is required
for nucleus localization. Unlike ASC, ASCb is incapable of forming the prototypical ASC
specks, instead forming irregular filaments. ASCb contains the CARD and PYD domain
retaining its ability as an inflammasome adaptor. The preserved CARD and PYD domain
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are able to interact with both NLRP3 and procaspase-1 eliciting an inflammatory response,
albeit lower compared to ASC (18). Likewise, ASCc is present in the cytoplasm of resting
macrophages as long filamentous structures. The lack of a PYD domain renders it
incapable of interacting with the inflammasome sensor NLRP3. However, the intact CARD
domain was shown to be able to interact with procaspase-1, though an inflammatory
response was not produced (18). Lastly, ASCd is present diffused throughout the cytoplasm
and is unable to interact with either NLRP3 nor procaspase-1 (18).

Expression of each isoform was found to vary based on the cell line used. PMA
differentiated THP-1 cells were found to predominantly express ASC, ASCb, and very low
levels of ASCc (18). In contrast, human peripheral blood macrophages (PBM) were shown
to upregulate ASCb expression in the presence of LPS, while mouse J774A1 macrophages
showed high expression of ASCc compared to ASC and no expression of ASCb was
observed (18). The co-expression of multiple isoforms in either differentiated cells or LPS
treatment suggest a level of regulatory control in inflammasome complexation resulting in
varying efficacies. Co-expression studies of ASC, ASCh, and ASCc notably influenced the
localization of each isoform. ASC co-expresses with ASCc in the perinuclear aggregates,
eliminating the irregular ASC filaments observed when expressed alone. However, ASC
and ASCb co-expression did not form the perinuclear aggregates seen in ASC. Instead,
both ASC and ASCb were recruited to the nucleus and formed irregular perinuclear
aggregates.

2.4 Caspase-1

Caspases are cysteine-aspartic proteases involved in regulating cellular death
through either apoptosis or pyroptosis (156). Caspases are categorized into two distinct
groups based on their ability to activate inflammatory or apoptotic pathway. Caspases
involved in apoptosis include caspase-2, caspase-3, caspase-6, caspase-7, caspase-8,
caspase-9, and caspase-10; whereas inflammatory caspases include caspase-1, caspase-4,
caspase-5, and caspase-12 (Figure 14). Activation of the inflammasome complex generally
involves the recruitment of procaspase-1 for pyroptosis to occur in the cell. It is synthesized
in an inactive precursor. Procaspase-1 is a multidomain protein consisting of a N-terminal
CARD connected to a large p20 subunit by a CARD domain linker (CDL) and a smaller
p10 subunit connected to the p20 subunit by an interdomain linker (IDL). Formation of the
inflammasome complex serves as a molecular platform attracting and increasing the local
concentration of procaspase-1 to facilitate autocatalytic processing. As identified by cell
studies, confocal imaging shows colocalization of procaspase-1 to the ASC speck.
Procaspase-1 specks are smaller ~ 0.4 um in diameter and occupies the central area of the
ASC speck. Recruitment of procaspase-1 to the inflammasome complex is facilitated
through CARD-CARD interactions between ASC®ARP and the CARD of procaspase-1.
Activation of procaspase-1 to its active form requires self-processing at both its CDL and
IDL to generate multiple p20/p10 fragments to form a tetramer composed of two p20 and
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two p10 fragments (157). The newly formed tetramer is generally considered the active
form of caspase-1. Activated caspase-1 is necessary for the activation of pro-inflammatory
cytokines pro-1L-1  and pro-1L-18 and gasdermin-D.
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Figure 14. Hierarchal representation of caspases involved in apoptosis and inflammation. Caspases
consist of a large p20 subunit, smaller p10 subunit, and a CARD or DED domain. Inflammatory caspases-
1/4/5/12 contain a CARD domain allowing for direct participation in inflammasome complexation (caspase-
1) or direct interaction with LPS (caspase-4/5/12) resulting in pyroptosis of the cell. Caspases involved in
apoptosis are broken into two categories, imitator caspases (caspase-9/2/8/10) involved in upstream signaling
events and executioner caspases (caspase-3/6/7) that facilitate apoptosis of the cell.

2.4 Gasdermin-D

The cytosolic substrate responsible for permeabilizing the cell membrane and
initiating pyroptosis was identified as Gasdermin-D (GSDMD). Two independent studies
confirmed the existence of gasdermin-D as the executioner in pyroptosis of the cell. A
research study using genome wide CRISPR-Cas-9 knockout of murine macrophages
identified a gRNA sequence highly conserved between mice and human involved in
pyroptosis known as gasdermin-D (21). Simultaneously, another group identified the
existence of gasdermin-D using quantitative mass spectrometry to detect molecules
directly interacting with the NLRP3 inflammasome (104). Gasdermin-D is a 53 kDa
protein cleaved into a 31 kDa N-terminal fragment and a 22 kDa C-terminal fragment by
capsase-1. The C-terminal fragment plays an auto-inhibitory role in preventing gasdermin-
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D from misfiring. The active N-terminal fragment has increased affinity for
phosphatidylinositol  (4)-phosphates, phosphatidylinositol (4,5)-bisphosphate, and
phosphatidylserine (PS) on the cellular membrane (105). Binding of the N-terminal
fragment to the cell membrane induces the formation of a pore. The pore formed is
estimated to contain between 16-24 monomers of gasdermin-D with an inner diameter
between 10 20 nm, allowing for the passage of IL-13 and IL-18 outside the cell and leading
to pyroptosis (158, 159).
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Experimental Techniques
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3.1 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy relies on the existence of the nuclear
spin, which is an intrinsic property of each nucleus that depends on the rotational motion
of the nucleus about its own axis. The nuclear spin is given by the spin angular momentum
I. The total angular momentum of each spin is quantized and represented by the angular
momentum vector L (160):

IL| = A1 + 1)
Eq (1)

Where h is Planck’s constant divided by 2n and I is the nuclear spin quantum number. By
convention, the angular momentum in the z-direction is represented by the following
equation (160, 161):

I, = hm
Eq (2

Where m is a magnetic quantum number ranging from -I,-I+1,...,I-1,1 representing the
direction of the spin about the z-axis. For example, a spin of I =% will possess two possible
quantized states +% and —% along the z-axis. All nuclei with non-zero spin quantum
number possess a magnetic moment (Figure 15A) defined as (160-162):

u=yl,
Eq (3)

Where p is the magnetic moment, y is the gyromagnetic ratio, and | is the angular
momentum vector. Nuclei possessing spin are classified as magnetically active, while those
containing no spin are termed NMR silent (160, 162). Nuclei with odd mass numbers
having a half-integer spin quantum number (*H, 3C, N, 3!P, and °F) are considered
magnetically active. Nuclei with even mass number and even atomic number have a spin
value of | = 0 and are NMR silent. Nuclei with even mass number and odd atomic number
have a spin value of I = 1 (?H and **N).

In the absence of a magnetic field, nuclei are orientated randomly, however, in the presence
of a magnetic field nuclei will adopt a specific orientation with respect to the magnetic
field, either parallel (with the magnetic field) or anti parallel (against the magnetic field)
(Figure 15B) (160, 162, 163). This effect, known as Zeeman splitting, orientates nuclei
with I = %2 into a low energy state (o spin) and a high energy state (3 spin) separated by an
energy gap (Figure 15B) (160, 162). The energy needed to excite from the a state to the 3
state is given below (160):
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AE = hyB,
Eq (4)

Where h is Planck’s constant divided by 2=, y is the gyromagnetic ratio, and Bo is the
strength of the magnetic field. Increasing the strength of the magnetic field (Bo) increases
the energy of separation. As seen in Figure 15A the stationary magnetic field Bo generates
a torque on nuclei possessing spin causing it to precess about the z-axis (Figure 15A). For
reference purposes, we consider precession to be clockwise for nuclei with positive
gyromagnetic ratio and counterclockwise for nuclei with negative gyromagnetic ratio.
Precession about the z-axis is given by the Larmor frequency:

w = _yBO
Eq (5)

In solution, nuclei with | = % exist in either the o or B state. For nuclei with negative
gyromagnetic ratio the  state has a lower energy and is more populated at equilibrium. For
nuclei with positive gyromagnetic ratio the a State is lower energy and more populated at
equilibrium. The relative population of each nuclei in the o and B state can be calculated
using the Boltzmann equation below (160, 161, 163). Where N« and Ng are the number of
nuclei in each state, k is the Boltzmann constant, and T is temperature.

Eq (6)
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Figure 15. Precession of nuclei and Zeeman energy level diagram. (A) Stationary magnetic field Bg
generates a torque on the nuclei causing it to precess about the z-axis. (B) In a magnetic field, magnetically
active nuclei with 1= % orient with (a spin) or against (B spin) the magnetic field.

3.1.1 Chemical shift

Chemical shifts report on the local magnetic environment of the nuclei. For protein and
peptide studies using NMR, chemical shifts are used for the identification of torsion angles,
hydrogen bonding and secondary structure (164). The chemical shift () is expressed
mathematically as follows (160-162):

Vi—7UV
§(ppm) = lv—f”f x 106
re

Eq (5)

Where vi is the frequency of the nucleus, vt is the resonance frequency for a reference
nucleus. The resonance frequencies observed are associated with differences in the
chemical environment as this, in turn, influences the magnetic environment. Each nucleus
experiences three major effects: shielding, dipolar coupling, and scalar coupling affecting
the observed frequency (161, 163). The orbital motion of electrons around the nucleus
creates a small magnetic field that opposes the applied external magnetic field, thus
reducing the magnetic field experienced by the nucleus. This effect is known as shielding
the nucleus from the applied magnetic field. A highly shielded nucleus (greater electron
density) will absorb at lower frequency compared to a deshielded nucleus (Figure 16D).
Because the chemical shift depends on the electron density around the nucleus,
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electronegative groups attached to molecules will result in significant differences in the
chemical shift of each nucleus (Figure 16A).

Similarly, the resonance frequency of a nuclei can be influenced by the spin state of another
nucleus via a “through-space” interaction known as dipolar coupling (160, 161, 163). The
dipolar coupling interaction is strongly dependent on the distance between two nuclei, at
distances greater than 5 A the effect largely disappears (161, 163). In a magnetic field,
molecule can align with or against the magnetic field. As shown in Figure 16B, the field
experienced by nucleus A can be either enhanced or decreased depending on the orientation
of nucleus B. The magnitude of this effect is given by the following equation (160, 162,
163):

g = Ho¥aysh
8m?r3

Eq (6)

Where po is the magnetic permeability of free space, ya and ys are the gyromagnetic ratios
of each nucleus, r is the distance between the two nuclei, and h is Planck’s constant. Lastly,
electrons shared through chemical bonds can also alter the electron shielding of each
nucleus. This effect known as scalar coupling is generally weaker compared to shielding
or dipolar coupling (Figure 16C). Unlike dipolar coupling and shielding effects, scalar
coupling does not depend on the external magnetic field and is mediated through bonds
rather than the “through-space” effect of dipolar coupling. The magnitude of this effect
decreases with increasing number bonds.
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Figure 16. Factors affecting the chemical shift. (A) Shielding due to the presence of electronegative atoms.
(B) Dipolar coupling between two nuclei within 5A of each other. (C) Scalar coupling: the spin state of
nearby nuclei are affected by nearby nuclei through the electrons in covalent bonds. (D) Effects of shielding
and deshielding on the observed frequencies.

3.1.2 NMR relaxation

Nuclear Magnetic Resonance (NMR) allows us to obtain information related to
biomolecules at the atomic scale (165, 166). Proteins are dynamic; they sample a wide
range of conformational ensembles to achieve a specific functionality. NMR is uniquely
suited for reporting on protein dynamics as it provides resolution at the atomic scale. The
time behavior of each nuclei (spin) can be extracted to provide information related to the
dynamics of the protein (162, 163, 167). Time scales relevant for protein functionality can
be monitored with different NMR parameters tailored to each time regime. As shown in
Figure 17, different motional regimes correspond to different dynamic information related
to the protein. The ps-ns timescale (fast regime) describes the local motion of the protein
backbone and overall tumbling (166, 167). Intermediate motion on the pus-ms timescale
features important biological functions such as catalysis, ligand binding, and allostery (162,
167). Slower dynamics (ms-s timescale) include protein folding/unfolding and aggregation
(167, 168). >N NMR relaxation is routinely used to obtain information related to protein
dynamics (160, 161, 163). N relaxation experiments allow for the characterization of the
backbone N-H bond vector. °N relaxation is dependent on the orientational motion of the
N-H vector with respect to the external magnetic field. The quantification of these motions
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generally includes three types of experiments: longitudinal relaxation Ti, transverse
relaxation T2, and the heteronuclear *H-*N NOE (160, 162, 163).
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Figure 17. Timescales experienced by proteins. NMR techniques used to probe various timescales are shown
above. N relaxation experiments Ty, T2, and NOE probe the ps-ns and ps-ms timescale.

Longitudinal relaxation (T1) represents the time required for the magnetization to
return to thermal equilibrium. T1is primarily affected by interactions between magnetic
dipoles. As previously described, the effect of these interactions consists in the magnetic
dipole of one nucleus influencing the local magnetic field of nearby nuclei (160, 161, 163).
The magnitude of the dipole-dipole interaction strongly dependens on the distance between
the two nuclei. The dipole-dipole interaction is stronger at distances < 5 A (160, 161, 163).
The >N-H bond distance is 1.02 A making it the dominant relaxation mechanism.
Measurement of Ti is generally performed using 1D inversion-recovery NMR
experiments. As shown in Figure 18A, a 180° pulse inverts magnetization from the +z axis
to -z magnetization. The magnetization in the -z axis is allowed to return to thermal
equilibrium at varying delay times, resulting in changes in the magnitude of the net
magnetization (160, 161, 163, 165). A 90° pulse is then applied to bring the magnetization
to the xy plane for acquisition. However, Ti relaxation experiments are generally
performed using a 2D ®N-HSQC pulse sequence with Freeman-Hill cycling to obtain
better peak resolution and avoid peak crowding (160, 165). Use of the 2D ®N-HSQC T:
pulse sequence results in an exponential decay; the longer the delay time the less signal
present during acquisition (Figure 18B).
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Figure 18. Measurement of Ti. (A) Vectorial representation of the inversion-recovery experiment.
Longitudinal relaxation is measured as return of magnetization to equilibrium. Varying the delay results in
signal intensity changes. (B) Graph showing the results of the inversion-recovery experiment. 2D ®*N-HSQC
implementation results in an exponential decay.

Transverse relaxation (T2) results from the loss of phase coherence of the
magnetization in the x-y plane. Experimentally, T2 is recorded via a spin echo and allows
for the simultaneous quantification of motion in the ps-ns and ps-ms timescales (Figure
19) (160, 161, 165). The predominant factor affecting T2 relaxation is the anisotropy of the
chemical shift (CSA) and its orientation rate with respect to the external magnetic field.
The electron density surrounding the N nucleus is anisotropic, resulting in chemical shift
anisotropy. The asymmetric distribution of electrons around the *N nucleus causes the
amide to experience different local magnetic fields depending on its orientation, thus
resulting in a loss of phase coherence in the transverse plane. In contrast to solid-state
NMR, molecules tumble fast enough in solution that the CSA effect is averaged over time
in chemical shift measurements. However, the CSA effect can be determined in relaxation
experiments in solution, particularly for large macromolecules such as proteins that tumble
slowly, which enhances magnetic relaxation via CSA (160-162). As shown in spin echo
experiment (Figure 19), the magnetization in +z is rotated to the x-y plane using a 90°
pulse; modulating the delay affects the loss of coherence, afterwards, a 180° pulse is
applied to refocus magnetization followed by a delay of equal length to the first one,
acquisition is then recorded after the echo, varying the delay allows for determination of
T2 (161-163).
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Figure 19 Measurement of T.. Vectorial representation for experimentally determining T, via a spin
echo. A 90° pulse is applied to place the magnetization in the transverse plane (x-y plane). During the
delay, the spins lose coherence. After the delay, a 180° pulse inverts the spins refocusing them. Varying the
delay time directly affects signal intensity, allowing for the determination of T..

The steady-state [*°N-tH]-NOE represents the cross-relaxation occurring between the
backbone N-'H bond. The **N-'H NOE gives information in the ps-ns timescale (Figure
17). The SN-'H distance is fixed at 1.02 A and variations within the NOE correlate to
differences in motion (165). Fast motions, NOE values < 0.6 are indicative of flexible
loops, linkers, and disordered regions, while NOE values > 0.8 reflect rigid regions such
as the presence of secondary structures. NOE data is typically acquired using two different
spectra: with and without proton saturation. Experimentally, the NOE ratio is typically
determined using two experiments: a saturated experiment in which the NOE is occurring
by saturating (making equal) the populations of one spin and measuring the change in
intensity of nearby nuclei (< 5 A apart), and an unsaturated experiment used as reference
where the NOE does not occur because no saturation is applied. The NOE is calculated
using the following equation (161, 165, 166):

[ Saturated
I_Unsaturated

NOE =

Eq (7)

Where |_Saturated is the intensity of the NMR signal corresponding to the nucleus affected
by NOE, and I-Unsturated is the intensity of the NMR signal corresponding to the same
nucleus in the absence of NOE (no saturation).

The equations relating the relaxation parameters, T1, T2, and NOE, with the spectral
density functions (J(®)) can be derived from the perturbing Hamiltonian of the relaxation
mechanisms affecting the spins. These equations, reflecting the amount of motion at each
frequency (), are shown below:

1
R, = T = 34 (wn) + AJ(wy — wp) + 64] (wy + wy) + BJ (wy)

Eq (8)
With A representing the dipolar constant:
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A=
8m2r3
Eq (11)
J(w) representing the motion at a particular frequency:
J(@) = 1+ w?t?
Eq (12)

1 A 34
R, = T_z = 24/(0) + E](wH —wy) + 7]((%) + 34](wy) + 3A] (wy + wy)

2B B 0
+?](wn)+51( )

Eq (13)
B representing the effects of anisotropy:
B = (45)*(Boyn)?
3

Eq (14)

Yu 0

NOE =1+——,0 = —AJ(wy + wy) + 64](wy — wy)

Yn Ry

Eq (15)
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3.1.3 Model-free

The model-free formalism is commonly used to extract dynamic information from
relaxation parameters. In this approach, a correlation function is approximated and used to
calculate the spectral density functions. Thus, no specific model of the motion is assumed,
hence “model-free.” The correlation function of the model-free formalism assumes that the
internal motion of each N-H vector is independent from the overall motion of the protein
(169). The correlation function C(t) in the model-free formalism adopts the form:

C(1) = Co(m)Gi(7)

Eq (16)
Overall tumbling of the protein for isotropic diffusion is given by Co
1 ==
CO = Ee‘[m
Eq (17)
and internal motion is given by Ci
-7
C,(t)=S?>+(1—S5%er
Eq (18)

S? is a generalized order parameter measuring the amplitude of motion of the N-H bond
vector, te is the internal correlation time, and tm is the overall tumbling motion for isotropic
diffusion (1/tm = 6D) (169). Considering molecules with isotropic diffusion, the spectral
density function adopts the form shown below:

ST, (1-S5%rt
1+ (wt)? 14 (wr)?

J(w) =

Eq (19)

With J(w) is the spectral density function, w is the frequency, tn is the overall motion, with t
defined as:

Eq (20)

The first term represents the overall tumbling of the molecule with contributions
from S2. The generalized order parameter (S?) can range in values from 0 to 1. S? value of
0 represents a completely unrestricted motion of the N-H bond vector, while a value of 1
represents a fully restricted N-H bond vector (165, 169). The second term reflects the
overall tumbling of the molecule with contributions from the internal motion. However,
the model-free does not consider slow motions that can occur between the ns-ps timescale
and motions closer to global tumbling. An extended model-free spectral density function
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is used to account for these motions by adding an additional exponential term to account
for these motions (170):

S%t,, (1-SP)r, (S} —5%)1,

w) = + +
Jw) 1+ (wt)? 1 + (wa)Z 1+ (wty)?
Eq (21)
With
1 1 1
—_— = —
Tl Tm Tl
Eq (22)
Withi=f,s.

3.2 Transmission Electron Microscopy

3.2.1 Electron wavelength

Transmission electron microscopy (TEM) is a powerful technique that uses a beam
of electrons to obtain images of matter at a resolution typically higher than that achieved
with optical microscopy. The high resolution allows for imaging at the angstrom level, but
it is also used for visualization of cells, organelles, viruses, and nanoparticles (171).
Theoretically, for a given optical system the resolution limit of the system is given by
Rayleigh’s criterion (172, 173):

0.611
§=—
nsinaoa

Eq (23)

d is the resolution limit, A is the wavelength, n is the refractive index between the sample
and lens, and a is the angle of collection of the magnifying lens. nsina is commonly referred
to as the numerical aperture (NA). Utilization of shorter wavelengths increases the
resolution limit according to Rayleigh’s criterion. In regular optical microscopy, it is
typically not possible to lower the resolution under 200 nm (172). To overcome this
limitation, electrons are used in TEM due to their wave-like properties according to the de
Broglie wave equation (172, 174):
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Eq (24)

Where p is the momentum of the electron, m is mass of electron, v is the velocity of the
electron and h is Planck’s constant. the Kinetic energy in electron volts of an electron
subjected to an electric potential difference (V) created by an electric field is shown below
(172, 174):

N

V= mv
=2
Eq (25)
Where e and m and vare the charge, mass and velocity of the electron.
Rearranging the equation gives the electron wavelength:
h
A=
2meV
Eq (26)

At high electric potential (> 100 kV), the total kinetic energy of the electron increases
substantially as v increases (relativistic mass) and must be taken into account (174).
Considering the relativistic effects of the electron at higher energies the relativistic
wavelength of the electron is given (172, 174):

h

eV
2myeV (1 + 2m0c2>

A=

Eq (27)

Where h is Planck’s constant (6.626 x 1073* N-m-s), mo is the rest mass of the electron
(9.109 x 102* kg), e is the charge of electron (—1.602 x 1072 C), V is the acceleration
voltage (V), and c is the speed of light in a vacuum (2.998 x 108 m/s). As shown in Table
1, increasing the accelerating voltage decreases the wavelength of the electron beam. At an
accelerating voltage of 200 kV the electron wavelength is 2.51 pm, which increases the
resolution limit according to the equation 20.
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Table 1 Voltage and corresponding wavelength

Accelerating voltage (kV) Electron wavelength (nm)
100 0.00370
120 0.00335
140 0.00307
160 0.00285
180 0.00267
200 0.00251

3.2.2 Electron sources

The electron beam can be generated from two main sources, a thermoionic gun or
a field-emission gun (FEG). A thermionic gun generates electrons when heated at
temperatures. Thermionic sources use materials such as tungsten filaments, lanthanum
hexaboride (LaBs), or cerium hexaboride (CeBs) that are capable of being heated to
temperatures over 1,700 K (172, 174). Tungsten filaments are easier to maintain and
cheaper but have poor resolution due to the high operating temperature needed to produce
electrons. LaBs crystals have a lower operating temperature, a 1 um fine tip, and a higher
current density compared to tungsten filaments. The result is an electron source capable of
working at lower temperatures increasing its operating life, brightness levels (10x) greater
than tungsten filaments, and a smaller crossover (minimum cross-sectional area of the
beam) angle improving the coherence of the electron beam (172). However, due to the
volatile nature of LaBs a higher vacuum is needed to reduce carbon contamination. FEG’s
uses an applied electric field on a tungsten needle with a tip radius of < 0.1 um to emit
electrons (173, 174). FEG’s can provide ~ 100 times brightness, highly coherent beam, and
a smaller beam size compared to thermoionic guns. Two types of FEG’s are commonly
used; a Schottky FEG or a cold FEG. Schottky FEG uses a tungsten emitter or, in the case
of hot-FEG, a zirconium oxide (ZrOz2) coated tip to increase electrical conductance (173,
174). Typically, these FEG’s have an operating temperature between 1,600 — 1,800 K and
offer an energy spread of 1 eV. For energy spreads lower than 0.5 eV a cold FEG is used
at a significantly lower operating temperature (300K) compared to other electron sources
(174).
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Figure 20. SEM images of electron sources. (A) LaBg crystal electron source and (B) A FEG displaying
the fine tip of the tungsten needle. Reprinted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature. Springer eBook. Electron Sources, David B. Williams, C. Barry Carter, Copyright
(2009). (172).

3.2.3 Electromagnetic lenses

The TEM is equipped with electromagnetic lenses capable of focusing the electron
beam. As shown in Figure 21 the electron beam travels down the optical axis as it is
refocused and magnified several times by multiple magnetic lenses. Magnetic lenses are
constructed using two soft iron materials wrapped in Cu coils to generate a magnetic field
(173, 174, 174). The magnetic field aids in converging the beam to a focal point. The
electron beam passes through a first set of lenses; the condenser lenses C1 and C2. The C1
lens controls the spot size of the electron beam. The C2 lens is used to control beam
brightness and converges the beam onto the sample. The diffraction of the electron beam
from the specimen is then passed through the objective lens. The objective lens is necessary
for focusing and magnifying the specimen and further magnification of the image is
accomplished by the intermediate lens and projector lens. It should be noted the
electromagnetic lenses presented above suffer from both spherical aberrations (Cs) and
chromatic aberrations (Ca) (172, 174). Spherical aberrations are the result of electrons
deviating from the optical axis affecting the focus of the sample. Chromatic aberrations are
due to differences in electron energies as they are accelerated. The different electron
energies form a disk instead of a focal point making it difficult to properly focus the image.
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Figure 21 Electromagnetic lenses used in TEM. (A) Schematic diagram of electromagnetic lenses. Current
passing through the copper coils magnetizes the iron pole pieces deflecting electrons back to the optical axis.
(B) Ray diagram of a TEM microscope showing the multiple electromagnetic lenses and apertures used.

3.2.4 TEM sample preparation

TEM grids are commonly used for sample support. They can be composed of a
variety of materials (Cu, Ni, Au, Mo, Ti, Be, and stainless steel) and can be further modified
by coating the grid with different support films (carbon, formvar, SiO, etc..) of varying
thickness (173). Copper grids with carbon films are commonly used due to their low cost,
nonmagnetic properties, chemical stability, and electrical conductivity. TEM grids are 3
mm in diameter and range in thickness from 5 — 30 um (173). Samples composed of
polymers, biological materials and specific light elements (C, O, H, and N) that are too thin
or transparent can be negatively stained to enhance their contrast (175). Negative staining
involves the use of heavy metals such as phosphotungstic acid (PTA) or uranyl acetate to
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surround the sample with dense metals, blocking incoming electrons around the sample
(175). Because electrons cannot pass through the dense material the sample appears
brighter relative to the dark background. Positive staining involves enhancing the contrast

of a sample by coupling a heavy metal (lead citrate, osmium tetroxide) to polymers, and
biological samples(175).

3.3 Dynamic light scattering

Dynamic light scattering (DLS) uses a monochromatic light source to illuminate
particles in solution. The scattered light reports on the shape and size of macromolecules
(176). The benefits of DLS are its versatility in using a wide range of buffers and
temperatures. In addition, DLS only requires a small sample size. DLS is widely used in
the characterization of micelles, proteins, nanoparticles, and nucleic acids. Assuming a
spherical shape, DLS is routinely used to determine the size of molecules and nanoparticles
in solution as well as the homogeneity of the sample (176, 177). Additionally, DLS is
useful in monitoring aggregate sizes and distribution due to the scattering intensity being
proportional to sixth power of the molecular radius (178). Therefore, different populations
of oligomers can be reported. Furthermore, protein-protein interactions, protein-RNA
interactions, and protein-small molecule interactions can be monitored in solution (176).
Changes in hydrodynamic sizes are readily observed and correlated to protein complexes.

Correlator

—

/ Detectors 90°
k 175°
Laser
Attenuator Cuvette

Figure 22. Schematic representation of a DLS instrument. A laser is used as a light source. The laser passes
through an attenuator to reduce the intensity of light prior to illuminating the sample. Detection can
be accomplished either with a backscatter detector at 175° degree or at 90°. Finally, the scattering
intensity is processed through a correlator.
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3.3.4 Dynamic light scattering theory

DLS relies on the principle of Brownian motion for determining particle size.
Larger molecules diffuse slowly whereas smaller molecules tend to diffuse rapidly (Figure
23). When molecules are illuminated by a monochromatic source, in this case an infrared
laser, the intensity of the scattered light fluctuates as a function of time given by the
correlation function G(r) (176):

G(r)=1)I(t+1)
Eq (28)
Where 7 is the difference in time between the two measurements. The average of the

function with time, shown in equation 26, provides a measure of how fast the intensity of
the scattered light decays and how fast it changes orientation (176, 177):

fOfE+1)

9D == 5@

Eq (29)

The dependence of the correlation function with time is approximated to an exponential
function where B is the baseline, A is the amplitude, and T" is the decay rate of the scattered
intensity (Figure 23) (176, 177):

G(t) = B + Ae(-21D
Eq (30)
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Figure 23. Dependence of the correlation function with time. The decay rate of the intensity of the

scattered light changes depending on the particle size. The intensity of the scattered light decays faster for
smaller particles compared to larger particles.
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I' is proportional to the scattering vector (q) and the diffusion constant (D) with the

scattering vector being proportional the refractive index (1), the wavelength of the light (A)
and the scattering angle (0) (176, 177).

- 0\?
47n sin 5

r=Dg?>=D -

Eq (31)

Determination of the diffusion constant (D) allows for the calculation of the hydrodynamic
radius (particle size) using the Stokes-Einstein equation (176, 177):

kT
—6mnry,

Eq (32)

Where kg is Boltzmann constant (1.380 x 1072°%kg.m?.s2.K™), T is the absolute
temperature, n is the viscosity of the medium and rn is the hydrodynamic radius of the
molecule
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4. Project aims

The objectives of this doctoral thesis are as follows:

1. Objective 1: Determine a biological role for the ASC isoform, ASCb, using
biophysical techniques.
a. Determine the capabilities of ASC and ASCb in regulating inflammasome
complexation at the molecular level.
b. ldentify differences in ASC and ASCDb that affect their ability to self-

associate.

2. Objective 2: Determine the role played by the protein interdomain linker in the
self-association capabilities of ASC and ASCb. Can this linker be optimized to
increase inflammasome activity.?

a. Develop an engineered isoform of ASC, called ASC3X, to monitor the
effects of linker length on protein self-association.

b. Determine whether there is an optimal linker length by comparing ASC,
ASCDb and ASC3X behavior at the molecular level.

c. Determine the influence of the linker length on the interdomain dynamics

between the PYD and CARD.
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5. Results

Objective 1

Publication 1

Diaz-Parga, P., & de Alba, E. (2022). Inflammasome regulation by adaptor
isoforms, ASC and ASCb, via differential self-assembly. Journal of Biological
Chemistry, 298, 101566.

Objective 2

Publication 2

Diaz-Parga, P., Gould, Andrea & de Alba, E. (2022). Natural and engineered
inflammasome adaptor proteins reveal optimum linker length for self-assembly.
Journal of Biological Chemistry.
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Publication 1

This research was originally published in the Journal of Biological Chemistry. Pedro
Diaz-parga, and Eva de Alba. Inflammasome regulation by adaptor isoforms, ASC and
ASCDb, via differential self-assembly. J Biol Chem. 2022; 298:101566. © the American

Society for Biochemistry and Molecular Biology
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ASC is an essential adaptor of the inflammasome, a
micrometer-size multiprotein complex that processes proin-
flammatory cytokines. Inflammasome formation depends on
ASC self-association into large assemblies via homotypic in-
teractions of its two death domains, PYD and CARD. ASCb, an
alternative splicing isoform, activates the inflammasome to a
lesser extent compared with ASC, Thus, it has been postulated
that adaptor isoforms differentially regulate inflammasome
function. At the amino acid level, ASC and ASCb differ only in
the length of the linker connecting the two death domains. To
understand inflaimmasome regulation at the molecular level,
we investigated the self-association properties of ASC and
ASCb using real-time NMR, dynamic light scattering (DLS),
size-exclusion chromatography, and transmission electron
microscopy (TEM). The NMR data indicate that ASC self-
association is faster than that of ASCb; a kinetic model for
this oligomerization results in differing values for both the
reaction order and the rate constants, Furthermore, DLS
analysis indicates that ASC self-associates into more compact
macrostructures compared with ASCb. Finally, TEM data show
that ASCb has a reduced tendency to form densely packed
filaments relative to ASC. Overall, these differences can only be
explained by an effect of the linker length, as the NMR results
show structural equivalence of the PYD and CARD in both
proteins. The effect of linker length was corroborated by mo-
lecular docking with the procaspase-1 CARD domain. Alto-
gether, our results indicate that ASC’s faster and less
polydisperse polymerization is more efficient, plausibly
explaining inflammasome activation differences by ASC iso-
forms at the molecular level.

Inflammation is a vital physiological process that protects
organisms from pathogens and injury. The inflammatory
response is triggered by a myriad of stimuli that have been
classified as pathogen- and damage-associated molecular pat-
terns (PAMPs and DAMPs, respectively) (1, 2). The presence
of these danger signals prompts the formation of a multimeric
protein complex known as the inflammasome. The assembly
of the inflammasome is driven by self-association and oligo-
merization of three types of proteins: sensor, adaptor, and

* For correspondence: Eva de Alba, edealbabastarrechea@ucmerced.edu.

~ASBMB

effector. There are different families of inflammasome sensors
that show specificity for certain PAMPS and DAMPS. Cyto-
solic sensors are mainly represented by the NLRs (nucleotide-
binding domain leucine-rich repeat containing receptors) and
ALRs (absent in melanoma 2-like receptors) families and pyrin
(3-6). Inflammasome sensors are modular and typically
contain protein—protein interacting death domains: PYD
(pyrin domain) and CARD (caspase activation and recruitment
domain) (7, 8). Inflammasome sensors self-associate upon
activation by danger signals and prompt the oligomerization of
the inflammasome adaptor ASC (apoptosis-associated speck-
like protein containing a CARD), a bimodular protein with
an N-terminal PYD and a C-terminal CARD (3, 4, 9, 10). The
inflaimmasome adaptor acts as a molecular glue by self-
associating and tethering multiple copies of the sensor and
the effector procaspase-1 (3, 11, 12) (Fig. 1). Inflammasome
assembly leads to the activation of procaspase-1, rendering it
capable of cleaving pro-IL-1p and pro-IL-18 into their active
forms, which are secreted to the extracellular environment to
trigger the inflammatory response. Inflammasomes are ~0.5
pm-size perinuclear puncta formed in the cytosol of activated
cells by the oligomerization and self-association of sensor,
adaptor, and procaspase-1 (13).

The NLR member NLRP3 is one of the most well-known
inflaimmasome sensors. NLRP3 is expressed in myeloid, mus-
cle and endocrine cells, and neurons (14). NLRP3 remains in
an autoinhibited form in the resting state and becomes acti-
vated upon stimulation, assembling into a large, micrometer-
size cytosolic complex together with the adaptor ASC,
NLRP3 becomes functional in a two-step process: priming and
activation (15). In the priming step, Toll-like receptors (TLRs)
or NODs (nucleotide binding oligomerization domain) and
cytokines such as TNF-a trigger the activation of the tran-
scription factor NF-kB promoting the expression of the
inflammasome components: NLRP3, procaspase-1, and pro-
IL-1p (15, 16). Subsequent posttranslation modifications
(ubiquitylation, phosphorylation, and sumoylation) of NLRP3
stabilize the protein in a signal-competent, autosuppressed
inactive state that transforms into an activated state upon
stimulation (17). Once activated, NLRP3 assembles into the
inflammasome: a mature multiprotein-complex particle also
composed of ASC and procaspase-1 (the NLRP3 inflamma-
some), capable of activating IL-1f and IL-18.
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Self-assembly of ASC isoforms in inflammasome regulation
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Figure 1. Model for ASC-dependent inflammasome assembly. ASC dimer shown as the filament minimal building block. The ASC filament shows two
interacting sides, one for recruiting procaspase-1 CARD and the other for interaction with the PYD of NLRs sensor proteins (12).

The dysregulation of the inflammasome is linked to un-
controlled inflammation as the culprit of an increasing number
of inflammatory diseases including rheumatoid arthritis, type 1
diabetes, asthma, psoriasis, atherosclerosis, and neurodegen-
erative disorders (18, 19), Therefore, gaining insight into the
mechanisms involved in inflaimmasome regulation and as-
sembly is critical to identify potential targets for therapeutic
treatment. Protein isoforms share highly similar amino acid
sequences and structures and are known to participate in
regulatory roles by tuning and modulating protein function.
Thus, the study of the molecular bases underpinning function
modulation by protein isoforms is particularly relevant to
understand regulation at the molecular level. The inflamma-
some adaptor ASC has four isoforms: canonical ASC, ASCb,
ASCc, and ASCd, which differ in aminoe acid composition (20).
ASC and ASCD are the most similar as both retain the two
protein—protein interacting domains, PYD and CARD
(Fig. 2A), and only differ in the length of the interdomain
linker (23 and three amino acids for ASC and ASCb, respec-
tively). ASCc retains the CARD and a fragment of the PYD.
ASCd bears only a partial PYD and no CARD, It has been
reported that only ASC and ASCb are inflammasome-
activating isoforms, as both promote the release of IL-1f
(21) and have been shown to colocalize with NLRP3 and
procaspase-1 (20). However, ASCh activates the inflamma-
some to a lesser extent as determined by the amount of IL-1p
released and cannot form the typical puncta characteristic of
canonical inflammasomes, forming instead filamentous ag-
gregates (20). In contrast, ASCc and ASCd do not colocalize
with NLRP3 and cannot generate mature IL-1[, leading to the
conclusion that these isoforms are not inflammasome activa-
tors. In fact, the release of IL-1p by ASC is diminished in the
presence of ASCc, which suggests that the latter acts as an
inflammasome inhibitor (20). No clear effect on inflamma-
some activity has been identified for ASCd, and thus, the
function of this isoform is still unknown (20).

To understand the modulation of inflammasome assembly by
the activating isoforms, ASC and ASCb, we have studied the self-
association properties of both proteins using several biophysical
and biochemical techniques. By multidimensional solution
NMR, we obtained the °N and '°C chemical shifts of ASCh’s

2 Biol Chem. (2022} 298(3) 101566

polypeptide backbone to compare to previously published data
for ASC (22), revealing that the PYD and CARD structures of
both isoforms are very similar as expected due to the identical
amino acid sequence. NMR signal intensity decay resulting from
oligomerization was monitored by real-time NMR at the indi-
vidual residue level for both proteins over a period of 65 h. Based
on these studies, we determine that ASC and ASCh follow
different kinetics for self-association. Moreover, NMR data
indicate that the PYD and CARD of ASC behave differently
during self-association, whereas no ditferences were observed
for the two domains in ASCb. Oligomer size distribution was
analyzed by dynamic light scattering in ASC and ASCb solutions
as a function of time during the self-association process,
revealing different tendencies in polydispersity that agree with
observations from the cell studies. The effect of protein con-
centration, pH, and time on the oligomerization processes was
studied by size-exclusion chromatography (SEC), showing that
ASC has a stronger self-association capability compared with
ASCb. Additionally, the characteristics of the macrostructures
formed by ASCb were investigated by negative-staining trans-
mission electron microscopy (ns-TEM) and compared with
previously reported TEM data for ASC. The analysis of ns-TEM
micrographs reveals that ASCb also forms filaments of similar
thickness to those tormed by ASC; however, ASC tends to form
bundles composed of a larger number of stacked filaments.
Finally, the impact of linker length on the interaction between
ASC or ASCb and the CARD of procaspase-1 was studied in
silico by creating structural models via molecular docking.

Results

ASC and ASCb differ only in the linker length at the structural
fevel

The previously reported 3D NMR structure of ASC revealed
that the PYD and CARD domains adopt the six-helix bundle
motif common to other death domain folds, The two domains
are connected by a 23 amino acid—long linker (10). We expect
that the structures of the PYD and CARD of ASC and ASCh
would be almost identical because the two isoforms only differ
in the linker length, and the PYD and CARD of both proteins
share 100% amino acid sequence identity (Fig. 24). To
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compare structural information of the two isoforms derived
from the NMR data, we assigned the 15N and 3C backbone
chemical shifts of ASCb (Table S1) and compared this
assignment with that reported for ASC (22).

In protein NMR, the ['H-"*N]-HSQC spectrum correlating
the amide "H and '®N chemical shifts of the protein backbone is
known as the protein fingerprint because it is unique for each
protein (11). Figure 2B depicts an overlay of the ["H-""N]-HSQC
spectra showing that the signals of the PYD and CARD of ASC
and ASCb substantially overlap as expected. The more crowded
region of the ASC spectrum around 8.5 ppm (for the 'H
chemical shift) reflects the additional signals from the longer,
semiflexible linker. The average difference in chemical shifts for

15N and "H of ASC and ASCb versus the residue number is very
small (Fig. 2C), indicating that both PYD and CARD in ASCb are
properly folded into the six-helix bundle motif. Amino acids that
are close to the linker region in the amino acid sequence or in the
3D structure are expected to show deviations in chemical shifts
for both isoforms. This is the case for amino acids H90, Q91, and
L112; however, T16 and R33 (ASC numbering) show significant
chemical shift variations even though these amino acids are not
close to the linker region. We can speculate that the origin of
these changes could be related to the oligomerizing properties of
ASC and ASCb. In addition, a comparison of the **C, and 1E'Cf;
chemical shifts for both isoforms (Fig. S1) indicates that the
secondary structure of both proteins is identical, as expected.
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Figure 2, ASC and ASCb structure comparison by NMR. A, ribbon diagram of the polypeptide backbone structure of ASC (10) and ASCb (model created
with the program Chimera (23) based on the PDB structure of ASC (10)). B, 2D-['H-""N]-HSQC (NMR protein fingerprint of ASC and ASCb showing almost
complete signal overlap). C, combined-average amide 'H and "N chemical shift differences between ASC and ASCb as described in the Experimental

procedures section (solid line: 1 SD; dashed line: 2 SD).
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Different oligomerization kinetics for ASC and ASCb from real-
time NMR

ASC has a strong tendency to oligomerize and polymerizes
forming filaments and filament bundles at neutral pH (12).
This behavior is a consequence of ASC function as the
inflammasome adaptor, which involves self-association and
tethering multiple copies of the inflammasome components
via protein—protein interactions. It has been reported that
ASC self-association is reduced at acidic pH (pH 3.8) and
concentration values <200 pM; conditions used for the 3D
structure determination of ASC by solution NMR techniques
(10, 11). However, ASC significantly self-associates at con-
centrations =200 pM even under acidic conditions. As pre-
viously reported, ASC self-association can be detected by a
decrease of NMR signal intensity with time (10). This obser-
vation results from the formation of large oligomeric species
that are “invisible” in solution NMR due to their slow tumbling
rate, hence no longer contributing to the signal arising from
the monomeric species (24, 25). We have leveraged this
behavior to monitor changes in signal intensity upon ASC and
ASCDb self-association by real-time (RT) NMR. Protein samples
are in lyophilized form after purification and start to

A

oligomerize as soon they are dissolved in the NMR buffer. A
series of 2D-['H,”"N]-NMR spectra were acquired as a
function of time after NMR sample preparation for 65 h.
The RT-NMR kinetic experiments were performed on '*N-
labeled protein samples at different concentration values
(~300-700 uM) to investigate the influence of protein con-
centration on the kinetics of self-association. The first 1D
projection of the 2D experiment reflects the overall signal
intensity of the spectra, which significantly decreases with time
(Fig. 34) for ASC and ASCb due to the formation of high-
order oligomers. The slow tumbling rate of these large oligo-
mers renders them “invisible” in NMR, resulting in signal in-
tensity decrease upon protein self-association. However,
careful analysis of the intensity decrease with time reveals that
ASC oligomerizes faster than ASCb (Fig. 3B). Protein con-
centration is an important factor prompting polymerization
for both ASC and ASCh, as self-association rates are signifi-
cantly diminished at ~300 uM versus ~700 uM (Fig. 3B). ASC
oligomerizes slightly faster than ASCb at the lowest concen-
tration, but the difference between the two isoforms is small
compared with the kinetics at ~700 pM. It is important to
note that we have not observed signal broadening nor the
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Figure 3. Oligomerization kinetics of ASC and ASCb by RT-NMR. A, overall NMR signal decay as a function of time for the cligomerization of ASC
(~697 UM, left panel) and ASCh (~-704 uM; right panel). Time points are color-coded as indicated. B, normalized overall NMR signal intensity decay versus
time for ASC and ASCb at the indicated color-coded concentrations. G, as in (B) for the same ASC samples at the concentrations indicated and time paint at

approximately 2 weeks after sample preparation.
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presence of new signals arising upon ASC or ASCb self-
association (Fig. S2). There are several possible explanations
for these results: 1) the oligomers formed during the kinetic
experiment are already too large to be detected by NMR, 2)
intermediate-size cligomers that could give rise to new signals
are formed but do not live long enough to be detected.

The overall intensity decays were fitted to single- and
double-exponential equations (Equations 1 and 2, respectively)
to estimate apparent oligomerization rate constants (k; and
k;). It is important to mention that Equations 1 and 2 are
logistic functions a priory not related to the underlying self-
association mechanism but are particularly useful for
comparing the polymerization kinetics of both proteins. Fitting
of the NMR intensity decay to a double-exponential versus
single-exponential improves for ASC but not for ASCh. This
result suggests that ASC oligomerization involves at least two
steps with different rate constants. The fitting to a
double-exponential results in fast and slow rate constants for
ASC: kyase = 015 + 0.03 h' and koase = 0.04 + 0.01 k'Y,
respectively (Table 1). Thus, one kinetic phase in ASC olige-
merization is 3.75 times faster than the other assuming other
conditions are identical. This result could reflect the fast for-
mation of an initial oligomer (a nucleation step) that continues
growing at a slower rate forming a pelymer. The overall signal
decay for ASC at ~700 pM reaches 33% of the original in-
tensity at steady-state conditions resulting from the fraction of
monomer concentration still present at the end of the kinetic
experiment (65 h). Two weeks later, the intensity remains at
this same value (Fig. 3C).

In contrast, the fitting of the ASCb NMR signal intensity
decay to a double-exponential dees not result in any signif-
icant difference compared with a single-exponential fitting.
Thus, ASCb appears to oligomerize with a single kinetic
phase with an apparent rate constant kasc, = 0.02 + 0.01 L
Interestingly, at the final stage of the kinetic experiment, the
remaining fraction of ASCb monomeric species is 18%. The
fitting of signal intensity decay for ASC and ASCb
(~700 pM) to the exponential functions includes a baseline
value (A; in Equations 1 and 2) that results in 31% and 18%
of residual monomeric population for ASC and ASCb,
respectively, in agreement with the experimental data.
Several parameters indicative of the goodness of the fit are
shown in Table 1.

y=Age ™ A, (1)
y=Age ™l pyeiga, (2)

To study potentially different behaviors of the two death
domains in protein polymerization, we have analyzed the
signal intensity decay of the two isoforms at the amine acid
level. Figure 44 shows, as examples, the fitting of several
amino acids located in the PYD and CARD of ASC and ASCb
to the exponential equations (Equations 1 and 2). Amino
acids in the PYD and CARD of ASC show different behavior,
whereas this difference is not observed for ASCh. The k; and
k; values of individual amino acids plotted versus the residue

SASBMB

Table 1
Kinetic parameters from logistic Equations 1 and 2

Protein isoform

Rate constants ASC ASCb
k" 0.15 + 0.03 0.02 + 0.01
k" 0.04 + 0.01 0.02 + 0.01
Kiaveryn 021 & 0.04 0.026% + 0.000%
[ 0.05 + 0.02 0.0269 + 0.0009
Kiavecarp 0.12 £ 0.02 0.0288 + 0.0009
Kzavecarp 0.02 + 0.01 0.0288 + 0.000%
Goodness of fit

b 0.000327961 0.00059583

r 0.999812 0.599806

“ Reported values are averaged and SD obtained from fitting the logistic equations ta
the RT-NMR data at ~700 and 500 uM for each isofarm. Units for rate constants are
inh*

sequence clearly show that the two death domains of ASC
behave differently in the faster step (Fig. 4B). The k; values of
the PYD are larger than those of the CARD: ky, .pvp = 0.21 +
0.04 h™ and Ky yecazp = 0.12 + 0.02 h™! (Table 1). However,
the k; values are similar for both domains: average value,
Koayepyp = 0.05 + 0.02 h™ and ku,pecapp = 0.02 £ 001 h™!
(Table 1). This higher value for kyj,epyp versits Kyuecarp
suggests that PYD-PYD interactions could drive the first
steps in the oligomerizaticn reaction, and that both domains
participate equally in subsequent polymerization steps. In
contrast, the PYD and CARD domains of ASCb show very
similar values of the oligomerization rate constant (k = 0.02 +
0.01 h™") (Fig. 4B and Table 1), which points to equivalent
participation of both domains in the different steps of the
polymerization reaction. This rate constant is slower than the
slower rate constant for ASC self-association (k,), again
indicating that ASCb polymerizes at a slower rate compared
with ASC. The monoexponential behavior in ASCb could
be explained by an initial nucleation step and subsequent
polymerization with analegous rate constants. The oligo-
merization of ASC is a complex process as shown by our
recent studies combining NMR techniques and ns-TEM,
indicating that ASC dimers are the building blocks of ASC
filaments and that the latter tend to form bundles comprising
laterally stacked filaments. The ASC dimer involves homo-
typic interactions between the PYDs and CARDs of the two
protomers. PYD and CARD demains have several protein—
protein interacting regions that facilitate further association
and polymerization.

Kinetic model for ASC and ASCb self-association

The expenential Equations 1 and 2 used for comparing the
self-association behavior ef ASC and ASCb report on the
presence of different kinetic phases and allow the identifi-
cation of similitudes and differences in the self-association
process of the individual domains; however, these equations
are not necessarily connected to the oligomerization kinetic
mechanisms. We have attempted to prepose a simple kinetic
model for ASC and ASCD self-association based cn previ-
ously reported models for protein oligemerization.
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Figure 4. RT-NMR oligomerization kinetics of ASC and ASCh at the amino acid level. A, normalized intensity decay of ASC (left panel) and ASCb (right
panel). B, rate constants of the PYD and CARD domains versus residue number for ASC {top) and ASCb (bottom).

The oligomerization mechanisms of numercus protein
systems have been studied in depth using different kinetic
models of polymerization (26-28). The nucleation/polymeri-
zation model proposed by Hofrichter et al. has been frequently
used and adapted to describe the oligomerization of different
proteins (29-33). According to this model, individual kinetic
steps of single-monomer additions result in the formation of
an oligomer of a specific size: critical nucleus size or seed.
These first steps constitute the nucleation phase of the
mechanism. Once the critical nucleus is formed, the addition
of new monomers to this critical-size oligomer is thermody-
namically favorable, thus leading to subsequent polymerization
(29). To account for the high complexity of protein self-
association, this and similar models based on single-
monomer addition have been complemented with other
equilibria involving polymer fragmentation and association
(34). In addition, other models contemplate the formation of
polymers or the critical-size nucleus based on the association
of smaller oligomers of potentially different size (35-37), In
general, originally proposed models are typically further
modified to include additional steps that allow better fitting of
the resulting kinetic equations to the experimental data (31).

Recently, a model has been proposed to explain the kinetic
diversity of amyloid oligomers. A Petri net (38) form is used to
depict the different steps potentially involved in the oligo-
merization process (39). According to this model, the primary

6 . Biol Chern. (2022) 298(3) 101566

nucleation phase that results in fibril formation involves two
steps: (1) the initial formation of an oligomer from the asso-
ciation of a certain number of monomer molecules; a process
that is considered reversible, and (2) the addition of a number
of monomers to this critical-size oligomer resulting in fibrils; a
process that is assumed to be irreversible (39). The formed
fibrils can be elongated by monomer addition to both ends of
the fibril. Secondary pathways, such as fibril fragmentation and
oligomer formation by clustering of monomers into preexist-
ing fibrils, are also contemplated (39). Analytical equations
derived from this model successfully describe reported
experimental kinetic data on oligomer concentration and fibril
mass concentration during amyloid fibril assembly. We have
used a simplified version of this model, which considers the
basic reactions involving the formation of fibrils (filaments)
but assumes that filament elongation by single-monomer
addition and secondary processes such as fragmentation are
negligible. Similarly, the model is represented in Petri net form
in Figure 5.

The kinetic equations associated to the chemical reactions
considered in Figure 5 are as follows:

dM Jdt= kM ~(k|M" - k) O 3)

d[0] / dt =k, M~ (Fy M) + &) [O] @
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Figure 5. Kinetic model of ASC and ASCb oligomerization. A, monomeric ASC forms oligomers at rate k,. Oligomers can dissociate back to monomers at
rate k_, or further self-associate to form filaments at rate k. B, filament formation represented in Petri net form.

d[F]/dt =k, [M]"[|O] (5)

Where M, O, and F, represent the monomer, oligomer of
critical-size and filament, respectively; k, and k_, are the forward
and backward reaction rate constants for the formation of the
oligomer (step 1), and ky, is the rate constant for the forward
reaction of filament formation (irreversible step 2). The model
also assumes that protein concentration does not influence the
kinetic parameters of these reactions. However, it has been
previously reported that the critical size of the oligomer can
depend on monomer concentration (33). Analogously to other
kinetic analysis of protein oligomerization, these equations
become linear by assuming that the initial concentration of
monomer is constant at early stages of the self-association
process. Under this assumption, the solution of the differential
equations results in an expression of the normalized concen-
tration of monomer at time ¢ (/M];) as follows:
M],/[My=1-By+B; t+Bye % 6)
With no other assumptions and counting with the RT-NMR
data reporting the decrease of monomer concentration as self-
association proceeds, the fitting of the experimental data to

SZASBMB

Equation 6 allows obtaining the values of k, and k_, for the
formation of the oligomer (Fig. 5) (Table 2). Both rate constants
are larger for ASC than for ASCb. Specifically, k, is close to two
orders of magnitude larger for ASC, whereas Ik, is approxi-
mately one order of magnitude larger. This result could imply
that ASC has a stronger tendency to form oligomers compared
with ASCb, and that once formed, the latter has less tendency to
return to monomeric form. The k;, values are similar at different
protein concentration (~700 uM and ~500 pM) as expected,
whereas the k_, values show variations (Table 2). We attribute
these variations to the assumption made in considering that the
protein concentration will not affect oligomer critical size and
thus the pertinent rate constants.

In addition, an estimate of the reaction rate order for olig-
omer formation can be obtained by applying the initial rate
approximation. Under these conditions, the concentration of
oligomer is assumed to be zero, and thus, Equation 3 is
simplified to:

Vo= -k, [M]" @)
The initial velocity (Vy) of the reaction was determined from

the slope of the straight line formed by the first four points of
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Table 2

Kinetic parameters for the self-association of ASC and ASCb from
kinetic model equations

Protein isoform

Conditions/Parameters ASC ASCb

Protein concentration® 697 501 704 495

I, 6.05 x 107° 4.74 x 10° 8.69 x 107" 8.60 x 107*°
k,* 0.12 0.05 0.001 0.005
Reaction order 31 31 3.6 3.6

“ Concentration units: pM. Time units: h.

the NMR signal intensity decay at the three concentration
values for ASC and ASCb (Fig. 3B). Subsequently, the data at
the three concentrations values were used to obtain the reac-
tion order “m” from Equation 7 (m1 = 3.1 for ASC and m = 3.6
for ASCb). These results indicate that the formation of ASCh
oligomers (O} has a slightly stronger dependence on the
monomer concentration compared with ASC. Altogether, the
results from the kinetic model help to further compare the
oligomerization behavior of ASC and ASCb with more detail.
However, the reaction rate constants and the order rate values
are approximate as several assumptions were made.

The remaining NMR signal observed several weeks after
that start of protein oligomerization (Fig. 3C) could indicate
that filament formation is a reversible process. In contrast,
because the second step in the proposed kinetic model is
irreversible (Fig. 54), the model seems to disagree with the
NMR experimental data. However, a very small value of k;,
could lead to an extremely slow and barely detectable decrease
of the NMR signal. In fact, the natural oligomerization of ASC
and ASCh is greatly diminished under the acidic conditions of
the RT-NMR experiments, which could result in the revers-
ibility of the filament-formation step or in very small values of
the rate constant of the irreversible reaction (second step in
Fig. 5). Both possibilities could validly explain the observed
residual NMR signal.

It is also interesting to test whether potential chemical
modifications in ASC and ASCb influence the kinetics of the
self-association process. For this purpose, the oligomerized
1*N-labeled samples were subjected to liquid chromatography
(reverse phase) coupled to mass spectrometry. The mass
spectrum for ASC indicates the presence of monomer and
dimer with molecular weights of 23,959.9 and 47,9276 g/mol
(Fig. S3). However, the mass spectrum for ASCb only reveals a
monomer with molecular weight of 22,282.8 g/mol (Fig. 53).
The mass spectrometry data match the theoretical molecular
weights of the monomers (23,958.7 and 22,278.9 g/mol) of
1>N-labeled ASC and ASCb, respectively, thus ruling out
chemical modifications during self-association. The oligo-
merized ASC and ASCb samples are treated with formic acid
and undergo unfolding by the reverse-phase chromatography
step prior to mass spectrometry, which should dissociate
noncovalent oligomers inte monomers. Therefore, the pres-
ence of an ASC dimer was unexpected. The mass spectrometry
data indicate that ASC is capable of forming dimers stable
enough to sustain the harsh unfolding conditions. This result
agrees with our previous data on the oligomerization of ASC
using NMR and TEM, which indicate that the ASC dimer is

8 J Biol Chem. (2022) 298(3) 101566

the building block of the ASC filament (12). Importantly, the
persistence of a dimer in ASC, but not in ASCb, suggests that a
potential ASCb dimer is not as stable, highlighting another
difference in the self-association process of the two isoforms.

ASC has a stronger tendency to oligomerize compared with
ASCb from size-exclusion chromatography analysis

Using SEC, we have attempted to study the oligomer size
distribution in ASC and ASCb self-association. In particular,
we have studied three factors critical in death domain oligo-
merization (40): time (80 min and 2 days after sample prepa-
ration), protein concentration (50 pM and 150 pM), and pH
(3.8, 43 and 4.8). For this purpose, we have used an SEC
column (Superdex 200 10/300 GL) with a molecular weight
range of 10-600 kDa. The protein solutions and equilibration
buffers in these experiments contained 150 mM NaCl to avoid
nonspecific interactions between the proteins and the chro-
matographic matrix. Using NMR and analytical ultracentrifu-
gation, we reported previously that the presence of NaCl
enhances death domain oligomerization, particularly in studies
involving the association of the PYD domains of ASC and of
the inflammasome sensor NLRP3 (40). Thus, protein self-
association significantly increases under these conditions
compared with those used in the kinetic RT-NMR experi-
nents without NaCl. Samples for chromatographic analysis
are typically filtered through >0.2 pm; however, ASC and
ASCb samples that were filtered prior to column loading did
not give rise to any signal in the chromatogram under most
conditions (pH > 3.8 and/or protein concentration >50 pM
and/or sample preparation >2 days), thus indicating that the
oligomers were trapped in the filter. Therefore, protein sam-
ples were not filtered in our SEC studies and instead were
centrifuged at 5,000 rpm for 1 min to pellet down precipitated
material. Precipitation and centrifugation result in lack of
homogeneity in the starting conditions of the protein samples,
which is reflected in variations in the absorbance values for
identical protein concentration, thus rendering the interpre-
tation of the SEC results significantly challenging.

Protein samples at 50 pM concentration were injected in the
SEC column 80 min after preparation, resulting in absorbance
peaks (at a wavelength of 280 nm) corresponding to ASC and
ASCb at an elution time of ~38 min (Fig. 64). According to
the SEC column calibration and assuming a spherical rotor,
monomnieric and dimeric forms of ASC and ASCb should elute
at ~33 and ~30 min, respectively. The discrepancy between
the expected and experimental elution times is likely due to
the multidomain nature of the two isoforms, thus deviating
from ideal spherical conditions. The experimental elution time
at ~8 min most likely corresponds to the monomeric forms of
both ASC and ASCb as the NMR data do not suggest the
presence of a stable dimer (10). The protein samples were
injected again 2 days after preparation and both ASC and
ASCh eluted at the void SEC time (~17 min) with similar
intensity. This result indicates that the oligomers formed by
ASC and ASCb are >600 kDa, which is the upper limit for the
molecular weight of the SEC column (Fig. 64). Therefore, the
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Figure 6. ASC and ASCh oligomer size distribution by SEC. A, oligomer formation of ASC and ASCh 80 min and 2 days after sample preparation. 8, effect
of concentration on oligomer distribution at 150 UM. G, influence of pH on the oligomerizing capabilities of ASC and ASCh at pH 4.3 and 4.8.

lower limit of the number of protomers in the ASC and ASCb
oligomers is ~30, based on the molecular weight of the
monomeric proteins. ASCh, but not ASC, still shows an
absorbance signal at an elution time ~38 min in the chro-
matogram obtained 2 days after sample preparation, which
suggests that certain population of ASCb is still monomeric
under these conditions. In contrast, our RT-NMR data indi-
cate that both ASC and ASCb are mainly monomeric at
~300 pM in the absence of NaCl, thus corroborating our
original results on the enhancing effect of NaCl in death
domain self-association.

The influence of protein concentration on oligomer distri-
bution was also tested. At 150 uM protein concentration, ASC
elutes mainly in the void volume (Fig. 68) with a minor pop-
ulatien at ~38 min. ASCb behaves in the opposite way
showing a minor peak at the void volume and a major peak at
~38 min. This result suggests a higher tendency of ASC to
oligomerize compared with ASCb. We also attempted to study
the effect of pH on ASC and ASCh oligomerizing capabilities.
SEC experiments on ASC and ASCb at pH values higher than
3.8 were very challenging te perform because of abundant
protein precipitation; an effect originally observed for ASC (10,
40). At pH 4.3, ASC shows an absorbance signal at ~38 min,
but the signal at the void volume is no longer present (Fig. 6C).
In contrast, ASCb shows two signals barely above the baseline:
one appearing at ~38 min and the other one at the void vol-
ume (Fig. 6C). At a higher pH value (pH 4.8), only one signal is
still present for both isoforms appearing at ~38 min with very
low absorbance (~2 mA units) (Fig. 6C). These results suggest
that high-order oligomers formed by ASC and ASCb are more
populated at higher pH values. These large oligomers mostly
precipitate out of sclution, explaining why they are no longer

observed in the SEC chromatogram, thus resulting in single
signals at ~38 min.

The SEC data are difficult to interpret due to the dynamics
of the oligomerization process and protein precipitation in the
presence of NaCl and at pH > 3.8. Nonetheless, we can derive
information indicative of different oligomerizing behavior for
ASC and ASCb. Overall, the SEC results suggest that ASC has
a higher tendency to self-associate compared with ASCb based
on the stronger effect of time, pH, and pretein cencentration
to promote oligomerization. The SEC results also indicate that
oligemers of MW > 600 kDa are observed, which implies that
oligomers <600 kDa are not sufficiently populated and/or have
a short half-life.

ASC seif-association results in less polydisperse solutions
compared with ASCb

Dynamic light scattering (DLS) was used to monitor the
self-association of ASC and ASCb as a function of time. The
intensity of the scattered light versys particle size was obtained
for ASC and ASCb solutions at different time points ranging
from 30 min to 49 h after sample preparation (Fig. 7). The
intensity of the cbserved peaks depends en the population of
the different particles and is proportional to the sixth power of
the particle radius. Therefore, larger particles will result in
peaks with higher intensity of the scattered light compared
with smaller particles at equal population. It is important to
mention that a perfect spherical particle is assumed for the
mathematical determination of particle size from the correla-
tion functions derived from the dependence of photon counts
versys time in DLS. ASC oligemers are not spherical but fila-
mentous, and thus this condition is not applicable (12).
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Figure 7. Time-dependent population distribution of ASC and ASCh oligomers by dynamic light scattering. A, changes over time in population
{intensity of scattered light) and apparent size of ASC and ASCb cligomers. B, changes in polydispersity values of ASC and ASCh solutions during the
oligomerization process. Data in (4) and (B) are an average of three measurements and error bars in (8) represent SD. The 30 min time point can be

considered as 0 min time point after sample preparation.

Therefore, the specific dimensions obtained assuming spher-
ical particles do not report on the real size of the oligomers.
However, the data are very useful to identify particle pop-
ulations of different size and their change in population during
the kinetic experiment,

DLS data for ASC 30 min after sample preparation show
one major and one minor peak with an overall diameter of
~40 nm and ~300 nm, respectively, (Fig. 7A). The population
of ASC monomers detected in the RT-NMR experiments is
not observed in the DLS data likely being masked by the
intense signal resulting from the large oligomeric species
present in solution. The former peak slowly decreases to
~28 nm at the end of the kinetic experiment, which could
indicate that the oligomers are becoming more compact. In
addition, the intensity of the peak at ~300 nm decreases with
time. Because the larger species shows very low intensity
compared with the smaller species, we can conclude that the
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population of the ~300 nm species is very small. At the end of
the kinetic experiment, ASC shows mainly one species at
~28 nm (Fig. 7A). The disappearance of the ~300 nm peak is
concomitant to the increase in intensity of the ~28 nm signal.
Thus, we speculate whether the ~300 nm species has become
more compact by forming filamentous rings and contributes to
the intensity of the ~28 nm species. In contrast, DLS data for
ASChb 30 min after sample preparation show three main peaks
at ~20, ~100 nm, and ~900 nm, the latter one being more
intense. As the kinetic experiment progresses, the three peaks
consolidate into two major peaks with diameters of ~30 and
~400 nm.

In general, ASC and ASCb form species of different size and
population under the same conditions during self-association.
These different species tend to consolidate to a smaller
number at the end of the kinetic experiment reflecting the
dynamics of the polymerization process and a tendency to
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form oligomers of more uniform size. Importantly, the overall
polydispersity values (p) for ASC and ASCb during the DLS
kinetic experiments are significantly different: pygc = 0.35 +
0.04 and pascy, = 0.79 + 0.06 (Fig. 7B). This result is remark-
able as it reflects that ASC self-associates into oligomers of
very similar size, whereas ASCb oligomerizes with consider-
ably higher polydispersity. Interestingly, it has been reported
that ASC and ASCb oligomerize into different macrostruc-
tures inside the cell: ASC forms a speck of uniform size and
ASCb forms clustered and disordered filaments (20). The
conditions for oligomerization in the cell assays are different
from our in vitro studies in terms of protein and salt con-
centration, pH, and other uncontrolled factors in the cell
cytosol. However, cell studies agree with our DLS results
indicating that ASC is capable of forming monodisperse
polymers, whereas ASCb is not.

Differences in ASC and ASCb macrostructures by transmission
electron microscopy

An analysis of the macrostructures formed by ASC using
negative-staining Transmission Electron Microscopy (ns-
TEM) has been previously reported (12). According to this
study, ASC tends to form filaments with an average width of
64 + 0.8 nm and length varying between 600 and 800 nm (12).
The filaments ferm bundles of 2—7 filaments; with three- and
four-filament bundles being more abundant. Bundle width is
always a multiple of the width of the individual filament
matching the number of filaments in the bundle, thus indi-
cating that the bundles are formed by lateral stacking of fila-
ments. Importantly, the TEM micrographs show that ASC
filaments are formed by stacked rings with the size of an ASC
dimer. In addition to forming part of the individual filaments,
these rings are abundantly observed attached to preexisting
filaments suggesting a possible mechanism for filament and
bundle growth.

A similar ns-TEM analysis was performed for ASCb to
identify potential differences in the characteristics of the
macrostructures (Fig. 8). ASCh also polymerizes into filaments
that tend to form bundles. However, some differences were
observed: ASCb bundles are typically composed of 1-, 2-, and
3-filaments. The analysis of 72 filaments indicates the
following populations: 26.3% of individual filaments, 48.7% of
two-filament bundles and 25% of three-filament bundles.
Thus, for ASCh, two-filament bundles are significantly more
abundant. The average width of individual filaments, twe- and
three-filament bundles is 7.0 + 0.2 nm, 14.1 + 0.4 nm, and
21.2 + 0.4 nm, respectively. These values indicate that ASCb
individual filaments are of similar width compared with those
observed for ASC and that bundles are also formed by lateral
stacking of individual filaments. Filament length was found to
be in the 200-400 nm range, thus slightly shorter than ASC
filaments. Interestingly, rings attached to preexisting filaments
were not observed for ASCh.

It is important to mention that the experimental conditions
for ASC and ASCb filament formation are different from the
conditions used for protein oligomerization using RT-NMR.

SASBMB

Filament formation is enhanced at neutral pH and dimin-
ished under the acidic conditions used for NMR experiments.
However, our previous TEM results indicate that ASC can
form filaments under acidic conditions of similar appearance
to the filaments formed at neutral pH albeit less compacted

and defined (12).

Steric factors dependent on the linker length resuit in different
interactions between ASC and ASCb with procaspase-1 CARD

In addition to self-association, ASC and ASCb tether sen-
sors and procaspase-1 molecules as part of their function in
inflammasome assembly. Thus, both isoforms also participate
in oligomerization processes involving other proteins. We
investigated potential differences between ASC and ASCb in
this function at the computational level. In an attempt to
mimic the initial steps of inflammasome formation, we used
docking and rigid body minimization protocols (41) to study
the binding of ASC and ASCb to several CARD domains of
procaspase-1 (procaspase-1“FP), We first generated dimers of
ASC and ASCb with one procaspase-1°4%P using the most
prominent interactions between death domains (i.e., type Ia
and type Ib interactions (42) that involve helices 1 and 4 of one
domain and helices 2 and 3 of the other domain). Thus, each
CARD domain in ASC or ASCb is capable of interacting with
two procaspase-1°*F" molecules via the surfaces composed by
helices 1,4 and 2,3. The resulting dimers (ASC/procaspase-
1R and ASCh/procaspase-19*FP) were used to generate
trimers by including one additional procaspase-1“4%" mole-
cule. The structures of the trimers were analyzed and
compared with the structure of a procaspase-1“ trimer
with type I interactions extracted from the cryo-EM 3D
structure of the procaspase-1 CARD polymer (43).

The structures of the CARD and PYD domains of ASC and
ASCDb are identical, thus, conferring flexibility to the linker is
critical to allow different orientations of the PYD and CARD
domains that could influence the capability of interaction with
procaspase-1°*F? molecules. Therefore, we assigned full
flexibility to the 23- and three-residue linker of ASC and
ASCb, respectively, in the docking protocol used to generate
all models. The structures of the dimers and trimers resulting
from docking and rigid body minimization are shown in
Figure 9. Briefly, molecules at the right-hand side of panels A
and C represent the dimer structures of ASC with the type 1
interaction, ASC (helices 1, 4): procaspase»lQ\RD (helices 2, 3);
and ASC (helices 2, 3): procaspase-1““*" (helices 1, 4), for
panels A and C, respectively. Analogously, molecules at the
right-hand side of panels B and D represent equivalent in-
teractions between ASCb and procaspase-1-*%".

ASC and ASCb are capable of binding one procaspase-
1R molecule vie type I interactions in a similar fashion
(Fig. 9, right-hand side in all panels: ASC and ASCb in navy
blue ribbon, procaspase-1“*" in light orange). The orienta-
tion of this procaspase-1“**" molecule is close to the expected
position indicated by the cryo-EM 3D structure of the pro-
caspase-1°*%" polymer (43) (Fig. 9, left-hand side in all panels:
light purple ribbon). However, when a second procaspase-
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— L

Figure 8. Filament and filament bundles formed by ASCb. A, ns-TEM micrograph of networks of filaments of various sizes. B-D, ns-TEM images showing

one-filament (B), two-filament (C), and three-filament (D) bundles of ASCb.

194RP molecule is included, only the trimers formed by ASC

resemble the expected arrangement of the additional CARD
based on the cryo-EM structure (Fig. 9, A and C). The second
procaspase-1““*? molecule in the ASCb trimer is located in a
position that significantly deviates from the polymeric CARD
arrangement (Fig. 9, B and D). In fact, it is clear from the
superimposed structures in Figure 9B (center) that the second
procaspase-1““*” molecule would clash with the PYD of
ASCb if located in the position of the polymeric CARD.
Analogously, the ASCb trimer with type one interactions,
procaspase-lCARD (helices 2, 3): ASCb (helices 1, 4): procas-
pase—ICARD (helices 2, 3) shown in Figure 9D, results in
the position of the second procaspase-1““*? in a region
where there is not interference with the PYD of ASCb, but
deviates from the expected structure based on the cryo-EM
trimer.

In summary, ASC and ASCb interact differently when
several procaspase-1 molecules are involved in an oligomeric
assembly resembling the formation of the inflammasome. The
proximity between the PYD and CARD domains of ASChb
hinders interactions of ASCb““*" with procaspase-1“%>, In
contrast, ASC’s significantly longer linker results in lack of
interference between the two domains, thus facilitating

12 J Biol. Chem. (2022) 298(3) 101566

interactions with potential partners. Overall, the models
generated with the docking protocols help to illustrate a
tentative, simple mode of oligomerization of ASC and ASCb
with procaspase-1. Preassembled ASC and ASCb could also
interact with procaspase-1 during inflammasome formation,
which would lead to a smaller number of interacting regions
available for procaspase-1 in ASC“*®P and ASCb““FP, In this
situation, the hindering effect caused by PYD and CARD in
ASCb might gain more relevance. Finally, based on the
proximity-induced model for procaspase-1 autoactivation, a
different structural arrangement of ASC versus ASCb oligo-
mers could result in differences in the local concentration of
the procaspase and thus in its autoactivation.

Discussion

It has been previously reported that ASC and its isoform
ASCb are able to interact with NLRP3 and procaspase-1 (20,
21). Although both isoforms are incorporated into the
inflaimmasome complex, ASCb leads to an overall reduction in
inflammasome activity compared with ASC based on the
release of smaller amounts of interleukin-1f (20). The differ-
ence in inflammasome activity between ASC and ASCb can

SASBMB
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ASC (1,4)

ASCb (2,3)

Figure 9. Steric hindrance in the interactions of ASCb with the CARD of procaspase-1. In all panels, Left: Different orientations of the polymeric cryo-EM
structure of the CARD of procaspase-1 (procaspase-1““"°) (43). The CARD trimer formed by type | interactions is highlighted in light purple; Center: trimer
structure of ASC or ASCb (navy blue) from molecular docking (41) with two molecules of procaspase-1“**° (light orange). In light purple, the CARD trimer
superimposed in the same orientation shown in the left; Right: dimer structure of ASC or ASCb (navy biue) from molecular docking with one molecule of
procaspase-1“"? (light orange). A and C, trimer and dimer structures starting with ASC interacting helices 1 and 4 (A), and 2 and 3 (Q); Band D, trimer and dimer
structures generated starting with ASCb interacting helices 1 and 4 (B), and 2 and 3 (D). The CARD trimer (purple) in the left of all panels shows different
orientation to facilitate comparison to the CARD trimer superimposed to ASC(ASCb)-CARD-CARD trimers shown in the center.

have relevant effects on the regulation of the inflammatory ~ASC as an inflammasome adaptor is to self-associate and oli-
response. Therefore, it is important to understand this regu- gomerize with the sensors and procaspase-1. Thus, we
latory mechanism at the molecular level. The main function of hypothesized that the modulation of function regarding
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inflammasome activation depends on the different self-
association/interaction properties in ASC and ASCb. In this
work, we have tested this hypothesis by studying the self-
association behavior of ASC and ASCb using different tech-
niques for a more thorough analysis.

The menitorization of ASC and ASCh self-association by
RT-NMR allowed to identify overall kinetic phases by fitting
the obtained data to single- or double-expenential equations.
The results of the fitting indicate that ASC self-associates with
two major kinetic phases, whereas ASCb follows a single ki-
netic phase or two phases with identical or very similar rate
constant. Our data indicate that ASC oligomerization follows a
fast kinetic phase and a slower second kinetic phase. In
contrast, the single kinetic phase experienced by ASCb is
slower than both kinetic phases of ASC. Furthermore, NMR
allows atomic-resolution studies of the kinetics of the self-
association process. We leveraged this unique quality of
NMR to investigate differences in oligomerization at the
atomic-residue level. Importantly, we found that the self-
association capabilities of the PYD and CARD domains of
ASC and ASCb are different. Specifically, the PYD and CARD
of ASC show two different apparent kinetic rate constants
facilitating oligomer formation. The higher k; values of the
PYD domain relative to the CARD suggest that during the
initial kinetic phase, the interactions involved in the conver-
sion from monomer to cligomer are primarily driven by PYD-
PYD binding followed by CARD-CARD interactions. The
second kinetic phase is dictated by the simultaneous partici-
pation of both the PYD and CARD domains as indicated by
their similar k; values. In contrast, the PYD and CARD do-
mains of ASCb show equivalent kinetic rate constants, sug-
gesting that both domains participate equally in the formation
of the oligomeric species.

Previously reported data on ASC macrostructure charac-
terization by ns-TEM show that ASC dimers are the building
blocks of ASC polymerization into filaments (12). Tt is plau-
sible that short-lived dimers are formed and rapidly assemble
into oligomers of a critical nucleation size that further develop
into filaments. The kinetic data obtained for ASC suggest that
PYD-PYD interactions could drive dimer formation (ky.yepyn
> Kyavecarp), additionally stabilized by CARD-CARD binding.
Contrary to the results of canonical ASC, the kinetic data for
ASChb suggest that the PYD and CARD have the same oligo-
merization tendency. Death domain oligomerization depends
on the presence of the different interacting regions in the PYD
and CARD domains and on the possibility of these regions to
find their interacting partners for which domain reorientation
might be important. The PYD and CARD of ASC and ASCb
are identical based on our structural data and the 100% amino
acid sequence identity. Thus, the different behavior of the two
domains in ASC is potentially related to the long linker con-
necting the two domains. ASC long linker will facilitate
domain reorientation to a greater extent compared with ASChb.
Therefore, it is reasonable to suggest that the increased olig-
omerization tendency observed in ASC for the PYD relative to
the CARD is diminished in ASCb due to potential restrictions
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of domain reorientation as a result of the much shorter linker.
To test the effect of the linker length, we created vie molecular
docking and rigid body minimization structural medels of
trimers composed of ASC or ASCh and two procaspase-1-*"
molecules (41). The models indicate that ASCb short linker
causes steric hindrance, resulting in an arrangement of the
procaspase-1“*F" molecules that differs from the experi-
mental structure of the polymer (43).

The DLS kinetic study demonstrates that ASC and ASCb
self-associate into different cligomer populations. Specifically,
DLS data reveal the presence of a single monodisperse popu-
lation present at 16 h after the start of ASC oligomerization.
The low polydispersity of the protein solution suggests the
formation of oligomers of similar size. In contrast, ASCb so-
lution is more polydisperse as evidenced by the presence of
two populations of oligomers 49 h after the beginning of the
self-association process. These results are in agreement with
previously published work on intracellular ASC and ASCb
polymerization studies by fluorescence microscopy, indicating
that ASC forms a filamentous speck or ring of ~0.5 pm in
diameter upon macrophage activation, whereas ASCb poly-
merizes forming linear filaments (13, 20).

ASC and ASCb also show differences at the macrostructural
level. The ns-TEM image analysis reveals shorter filaments
formed by ASCb compared with ASC and a lower tendency to
assemble into bundles formed by a large number of laterally
stacked filaments. This result could be related to the different
polymerized macrostructures observed in the cell envirenment
for ASC and ASCb. Furthermore, utilizing SEC we show that
solution pH, cligomerization time, and protein concentration
are important factors governing ASC and ASCb oligomeriza-
tion. SEC studies indicate that ASC has a higher tendency to
self-associate compared with ASCb. We have not observed
small-size oligomers or dimers in the SEC studies but instead
oligomers >600 kDa consisting of at least 30 protomers; a
behavior similar to both ASC and ASCb. This result agrees
with single-molecule fluorescence studies indicating that ASC
massively oligomerizes inte micron-size clusters of >500
proteins at above a critical concentration value in a cell-free
system capable of expressing ASC at different concentrations
(44). These studies also indicate that smaller oligomers are not
detected (44), which matches our conclusion from RT-NMR
kinetic data and SEC analysis that dimers and small oligo-
mers have a short half-life. Nonetheless, the presence of an
ASC dimer in the mass spectrum, likely resulting from the
dissociation of large oligomers under the harsh unfolding
conditions of the liquid chromatography—mass spectrometry
experiment, points to its higher stability compared with ASCb.

Altogether, our data indicate that ASC oligomerizes faster
and is capable of assembling into oligomers of more uniform
size compared with ASCb. In this study, we show that these
differences are only attributable to the specific structure/
function of ASC and ASCb with no intervention of other
proteins that could have an influence in the different poly-
merized macrostructures observed in the cell cytosol (20). The
only difference at the amino acid level is the linker length,
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which seems to be optimized in ASC to enhance self-
association and the formation of more compact cligomers.
This different behavior intrinsic to ASC and ASCb can have
important implications in the regulation of the inflammatory
respense. Upen macrophage activation as a result of the
presence of pathogens and/or chemical signals indicative of
cell dysfunction, the expression of the sensor protein,
procaspase-1, and ASC is upregulated. The three proteins
colocalize forming a filamentous ring-like structure, the
inflammasome, consisting of self-associated and cligomerized
sensor, ASC, and procaspase-1. The assembly of the inflam-
masome acts as platform for the activation of procaspase-1,
purportedly due to an induced local increase of the caspase
concentration resulting in its autoactivation (45). Therefore,
ASC formation of monodisperse structures versus ASCb as-
sembly into polydisperse filaments could be critical in pro-
caspase activation. Our results indicate that ASC self-
association is likely driven first by the PYD-PYD interactions
followed by CARD-CARD binding, suggesting the possibility
of domain reorientation that finally leads to the assembly of
uniform oligomers. In contrast, the slower and weaker ten-
dency of ASCb to oligomerize could delay the overall activa-
tion of the inflammasome. Furthermore, the polydisperse
nature of ASCb oligomers could result in a less effective
localization of increased procaspase-1 concentration, thus
causing an overall reducticn in inflammasome activity.

Experimental procedures

Expression and purification of unlabeled and isotopically
iabelled ASC and ASCb

E. coli BL21(DE3) cells were transformed with pET15b
vectors encoding for either protein, ASC or ASCb. N- and
50,2 C-labeled proteins were cultured in M9 minimal media,
using ""NH,Cl and/or *C-glucose as sole nitrogen and carben
sources, respectively. E. coli cells were induced using 1 mM
IPTG and incubated at 37 °C for 4 h. Cells were harvested by
centrifugation at 8000 rpm for 30 min at 4 °C. Cell pellet was
resuspended in resuspension buffer (6 M Guanidine-HCI,
20 mM Tris, 5 mM Imidazole, 500 mM NaCl, pH 8) and
was homogenized five times at 30 s intervals to lyse the cells.
The cell lysate was then ultracentrifuged at 35,000 for 30 min
at 4 °C. The supernatant was filtered through a 0.45 pum filter.
ASC and ASCb were purified using nickel affinity HPLC. The
protein was eluted using elution buffer (20 mM Tris-HClpH 8,
500 mM NaCl, 500 mM imidazole, and 6 M guanidinium
hydrochloride) and subsequently dialyzed to remove excess of
imidazole, salt, and chaotropic agent. ASC and ASCb were
further purified by reverse-phase HPLC with a C4 column.
Eluted protein solutions were lyophilized to remove organic
solvents and stored at 4 °C. Expression of unlabeled ASC and
ASCb was performed in LB media, and the purification pro-
tocol was identical to the one described for the isotopically
enriched proteins. Information dependent on the amino acid
sequence such as molecular weight, amino acid composition,
theoretical extinction coefficient, and isoelectric point was
obtained from the ExPASy server.
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Structure of ASC and model of ASCb

The solution structure of ASC (PDB 2KN6) (10) was used as
template to create a model of the 3D structure of ASCb using
the program Chimera (23). For this purpose, 20 amino acids
were removed from the linker region of ASC leaving only three
amino acids (QGL) corresponding to the linker region of

ASCh.

Chemical shift assignment of ASCb by NMR spectroscopy

ASCb NMR samples were prepared at 200 pM in a volume
of 300 pl containing 5% D,0O, 20 mM glycine, and 1 mM TCEP
at pH 3.8. NMR experiments were acquired at 298 K in a
Bruker 800 MHz spectrometer equipped with a triple-
resonance cryoprobe at UC Santa Cruz's NIH-NMR facility.
Backbone assignment of ASCb was obtained from the
following experiments: 2D [*H-"*N]-HSQC, 3D [‘H-**N]-
NOESY-HSQC, 3D HNCACB, and 3D CBCA(CO)NH (46,
47). Data were processed with NMRPipe and spectra were
analyzed with Sparky (48, 49). Previously published chemical
shift assignments of ASC were used to identify potential dif-
ferences (22). The chemical shift differences (A8™) between
ASC and ASCb were calculated using the 'H and **N chemical
shifts according to Equation 8 (50).

ASY = | (8yyasc— Surasc)” + (

S15n_asc — 615N7A5Ch) 2} 172
5

)

RT-NMR experiments

ASC and ASCb samples were prepared in 5% D,O/H,0 and
1 mM TCEP at pH 3.8. Oligomerization kinetics of ASC and
ASCb was menitored using RT-NMR at a concentration of
~700 gM, ~500 pM and ~300 pM. Exact concentration values
of both ASC and ASCb were determined by absorbance at
280 nm prior to commencing the experiment. Eighteen indi-
vidual 2D ["H-'®N]-HSQC experiments were acquired at time
points: 30 min, 1 h 10 min, 2h, 4 h, 6 h, 8 h, 10 h, 15 h, 20 h,
25 h, 30 h, 35 h, 40 h, 45 h, 50 h, 55 h, 60 h, and 65 h after
sample preparation at 298K on a Bruker Avance III 600 MHz
spectrometer equipped with a z-axis gradient cryogenic probe
(UC Merced NMR facility). The overall intensity of the first 1D
projection of the amide region for each [*H-"N]-HSQC
spectrum was used to monitor signal decay over time. 1D
projections were baseline-corrected from 12.8 ppm to 4.8 ppm,
and the signal intensity of each 1D projection was calculated
by integration from 9.5 ppm to 6 ppm using TOPSPIN 4.1
(Bruker). Intensity values for both ASC and ASCb were
normalized with respect to the first 2D experiment (with an
assigned intensity of 1) and were plotted as a function of time.
The decays with time of NMR signal intensity were fitted to
logistic mono- and double-exponential Equations 1 and 2
(Results section) for an overall identification of potentially
different kinetic phases. RT-NMR data were also fitted to the
analytical Equation 6 (Results section) derived from the kinetic
model (Figure 5) to obtain values of the kinetic parameters. In
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addition, amino-acid-specific intensity decays versus time for
ASC and ASCb at ~700 uM and ~500 pM for the PYD and
CARD domains (n = 66) were determined by obtaining the
peak height value at half-height using Sparky (48). Intensity
values were normalized and fitted to Equation 2. All fittings
were performed with the program Qt-Grace (QTGroup, Hel-
sinki, Finland). Goodness of it values are shown in Table 1.

Size-exclusion chromatography

Anmnalytical SEC was performed using a Superdex 200 In-
crease 10/300 GL at a flow rate of 0.5 ml/min. Prior to use, the
column was calibrated with a gel filtration high molecular
weight kit from GE Life Sciences. The column was equilibrated
using equilibration buffer (150 mM NaCl, pH 3.8, 0.2 pm-
filtered, degassed). ASC and ASCb were prepared at 50 pM
and 150 pM protein concentration in 150 mM NaCl buffer, pH
3.8. Kinetic experiments of ASC and ASCb were performed at
50 pM protein concentration and loaded inte the column at
two different time points: 80 min and 2 days after sample
preparation. The effect of protein concentration on ASC and
ASCb oligomerization was tested at 150 pM (pH 3.8). Protein
samples were centrifuged for 1 min at 5000 rpm and loaded
into the column right after preparation. Protein absorbance
values were monitored at a wavelength of 280 nm. The
resulting chromatograms were plotted with QtGrace
(QTGroup, Helsinki, Finland).

Dynamic light scattering

DLS experiments were performed using a Malvern Pan-
alytical Zetasizer Pro at 25 °C, using a laser wavelength of
632.8 nm. The refractive indices of ASC and ASCb were
determined to be 1.3327 using an Abbe Mark III refractometer
(Reichart). The absorbance value of ASC and ASCb at
632.8 nm was (.1089. ASC and ASCb samples were prepared
at a concentration of ~700 pM by weight in HPLC-grade
water at pH 3.8. Sample concentration was accurately
measured prior to each experimental run by absorbance at
280 nm for both ASC and ASCb. Samples were placed in a
ZEN0040 cuvette (Malvern Panalytical) for small volumes and
equilibrated for 2 min at 25 °C prior to each measurement.
Measurements were taken at 30 min, 1 h, 3 h, 6 h, 10 h, 14 h,
16 h, 19 h, 23 h, 26 h, 31 h, 32 h, 44 h, 46 h, and 49 h after
sample preparation. Photon counts of the scattered light versus
time are fitted to correlation functions by the ZS Xplorer
software, from which the size distribution and polydispersity
values are obtained. Three measurements of the scattered light
were taken at each time point, and the resulting data were
plotted and analyzed with QtGrace (QTGroup, Helsinki,
Finland).

Transmission electron microscopy

ASCb protein filaments were prepared by dissolving
lyophilized ASCb (50 pM) in a buffer containing 6 M
Guanidine-HCL 20 mM Tris pH 7, and 100 mM NaCl The
buffer was filtered with 0.2 pm-pore size filter prior to dis-
solving ASCb. The concentration of the protein was
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determined by absorbance at 280 nm. The protein solution
was dialyzed against 100 mM NaCl and 20 mM Tris pH 7, and
the dialysis buffer was changed three times after reaching
equilibrium (3 h). A volume of 4 pl of the protein solution was
deposited on a carbon-coated copper grid. After 10 min, the
grid was washed in three 40 pl droplets of HPLC water (10 s
each) and stained in three 40 pl dreplets of 2% uranyl acetate
(10 s each). The copper grid was stained for 5 min and then
wipe-dried to remove excess of the staining solution. Images of
ASCb filaments were obtained using a Talos F200C G2
Transmission Electron Microscope equipped with a Field
Emission Gun (X-FEG) at 200 kV. A Ceta 16M Camera of 4k x
4 pixels was used for image acquisition. Analysis of
ASChb filaments and bundle dimensions was performed with
Image].

Mass spectrometry

NMR samples of "N-labeled ASC and ASCb at ~500 pM
used for the RT-NMR experiments (several months after the
start of the oligomerization process) were injected in an
electrospray ionization mass spectrometer (Q-Exactive Hybrid
Quadrupole-Orbitrap, Thermo) coupled to an UHPLC system
(Vanquish, Thermo). The protein samples were diluted with a
solution containing 95% acetonitrile, 4.9% water, 0.1% formic
acid and were injected in a reverse-phase column (Acclaim 200
C18, 3 um, Thermo) at a flow rate of 0.3 ml/min. The spectra
with signal intensity versus mass/charge were analyzed with
BioPharma 2.0 software (Thermo).

Molecular docking

Molecular docking was performed with the program
HADDOCK (41) using full-length ASC solution structure
determined by NMR (PDB code 2KN®6, (10)), the ASCb model
structure created with Chimera (23), and a procaspase-1
CARD protomer extracted from the 3D structure of the
polymeric CARD determined by cryo-EM (43). Firstly, four
sets of dimer models composed of ASC or ASCb and one
procaspase-1“**” were created selecting complementary sur-
faces of active residues to guide the molecular docking,
following the type I interactions (helices 1 and 4 of one CARD
with helices 2 and 3 of the adjacent CARD and vice versa). The
generated sets of dimers are dimer-set 1= ASC (helices 1, 4):
procaspase—lCARD (helices 2, 3); dimer-set 2 = ASC (helices 2,
3): procaspase-1*%P (helices 1, 4); dimer-set 3 = ASCb (he-
lices 1, 4): procaspase—lCARD (helices 2, 3); dimer-set 4 = ASCb
{helices 2, 3): procaspase-1“**" (helices 1, 4).

The best dimer structure of each of the previous four sets
based on the best HADDOCK score was used to create sets of
trimers by the addition of another procaspase-1=*FP molecule
as follows: trimer-set 1 = procaspase-1*F" (helices 2, 3): ASC
{helices 1, 4): procaspase-1“*%" (helices 2, 3); trimer-set 2 =
procaspase-1°**" (helices 1, 4): ASC (helices 2, 3): procaspase-
154%D (helices 1, 4% trimer-set 3 = procaspase-1=*%" (helices
2, 3): ASCb (helices 1, 4): procaspase-1*%" (helices 2, 3}
trimer-set 4 = procaspase-1=*F" {helices 1, 4): ASCb (helices 2,
3): procaspase-1“** (helices 1, 4). The best trimer structure
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of each of the previous four sets (based on the best
HADDOCK score) is depicted in Figure 9. In all HADDOCK
runs, the 23- and 3-amino acid linker of ASC and ASCh,
respectively, was set fully flexible to allow for domain reor-
ientation. The N and C termini were considered charged. The
number of starting structures was 1000, out of which 200 were
considered for refinement. Solvated docking was used with
water as solvent for the iterations. The top clusters for
the different runs were analyzed and inspected with
ChimeraX (51).
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Table S1: N, 'Hy, 1*Cy, and *Cp Chemical Shifts of ASCh

Residue BN (ppm) BNH (ppm)  *Co (ppm) 13Cs (ppm)
M1 120.855 8.351 55.545 32931
G2 110.838 8.573 45.344 -
R3 120.126 8.298 57.169 30.706
Ad 124.233 8.676 55.527 18.167
R5 117.364 8.616 60.275 29.572
D6 117.29 7.643 56.994 39.86
A7 122.56 7.682 54.961 18.713
I8 120.933 8.175 66.204 38.585
L9 119.726 7.93 57.862 41.49

D10 115.962 7.919 56.738 40.234
All 119.79 7.301 54.875 17.946
L12 114.663 8.283 57.77 41.242
E13 116.624 8.825 57.634 28.236
N14 116.116 7.326 53.636 39.844
L15 119.528 6.919 54.396 41.168
T1e 113.68 8.5660 60.957 70.63
Al7 123.284 8.914 55.804 17.753
E18 117.661 8.568 59.335 20.074
E19 119.996 7.72 58.498 30.089
L20 121.86 9.059 57.829 40.582
K21 118.615 7.529 60.324 32.152
K22 118.698 7.601 59.746 32.498
F23 122.026 8.791 61.562 39.464
K24 117.256 8.094 60.548 33.149
L25 115.925 7.748 57.822 41.29
K26 120.626 8.127 58.091 31.98
L27 120.829 7.91 57.634 41.026
L28 116.116 7.320 56.246 41.622
S29 110.993 7.473 58.029 65.378
V30 124.342 7.857 - -

L32 122.663 8.231 52.021 45.837
R33 121.21 7.625 56.509 31.566
E34 122.296 8.507 57.978 28.889
G35 111.344 8.693 44.748 -

Y36 118.122 7.435 58.08 40.66
G37 108.985 8.979 43.625 -

R38 118.354 8.481 53.804 31.231
139 128.577 8.222 - -

R41 124.291 8.358 60.046 30.454
G42 104.679 8.795 46.698 -

Ad3 121.765 7.183 53.693 18.363
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Abstract

The inflammasome is a multiprotein complex that triggers the activation of proinflammatory cytokines. The
adaptor ASC and its isoform ASCb mediate inflammasome assembly via self-association and
oligomerization with other inflammasome proteins by homotypic interactions of their two identical Death
Domains, PYD and CARD, connected by a linker of different length: 23 (ASC) and 4 (ASCb) amino acids
long. However, ASC is a more potent inflammasome activator compared to ASCb. Thus, adaptor isoforms
might be involved in the regulation of the inflammatory response. As previously reported, ASC’s faster and
less polydisperse self-association compared to ASCb points to interdomain flexibility resulting from the
linker length as a key factor in inflammasome regulation. To test the influence of linker length in self-
association, we have engineered the isoform ASC3X with identical PYD and CARD connected by a 69-
amino acid long linker (i.e., three-times longer than ASC’s linker). Real-time NMR and dynamic light
scattering data indicate that ASC3X polymerization is less effective and more polydisperse compared to
ASC or ASCb. However, transmission electron micrographs show that ASC3X can polymerize into
filaments. Comparative interdomain dynamics of the three isoforms obtained from NMR relaxation data
reveal that ASCb tumbles as a rod, whereas the PYD and CARD of ASC and ASC3X tumble independently
with marginally higher interdomain flexibility in ASC3X. Altogether, our data suggest that ASC’s linker
length is optimized for self-association by allowing enough flexibility to favor intermolecular homotypic
interactions, but simultaneously keeping both domains sufficiently close for essential participation in
filament formation.

Introduction

Protein structure and dynamics determine function and operating mode. Protein dynamics is relevant for
multi-domain proteins as interdomain motion plays a critical role in protein function. The combination of
different domains is a frequent strategy to naturally develop new functions using minimal resources (1, 2);
therefore, approximately 80% of eukaryotic proteins are predicted to be composed of multiple domains (3).
The function and overall three-dimensional structure of multidomain proteins depend on the concerted
action of the different domains working together (4, 5). Stretches of amino acids that connect the different
domains (interdomain linkers) may facilitate interdomain communication (6). Based on amino acid
composition and length, interdomain linkers can support transient secondary structures or remain
intrinsically disordered, hence conferring different degrees of interdomain flexibility (7). Therefore, linker
length and structure have a strong impact on domain separation and orientation, leading to changes in the
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biological function of multi domain proteins. For instance, it has been reported that linker flexibility or lack
thereof has a direct influence on catalytic sites, degree of domain separation, interdomain orientation, and
coordinated binding in protein-ligand interactions (4, 7). In some cases, linker flexibility might be required
to grant a greater amount of domain mobility, allowing the different domains to function independently of
each another. The critical role of interdomain linkers is evidenced by studies showing that changes such as
deletions and mutations directly impact the biological function of multidomain proteins (8—10).

Members of the Death Domain superfamily are ideal examples of multidomain proteins (11). Here we focus
on the Death Domain protein ASC (11-14), which plays a critical role in the assembly of the multiprotein
complex inflammasome that triggers the inflammatory response (14-17). Inflammasome assembly is
mediated by homotypic interactions between multiple copies of three proteins: sensor, adaptor ASC, and
the effector procaspase-1 (17, 18). Death Domain superfamily members typically carry several CARDs
(caspase activation and recruitment domain), PYDs (pyrin domain), and DEDs (death effector domain),
which are prevalent in a wide range of proteins necessary for the assembly and activation of inflammatory
and apoptotic complexes (11, 17, 19). Inflammasome sensors are generally grouped based on their structural
features as NLRs (Nucleotide-binding domain leucine-rich repeat containing receptors), ALRs (Absent in
melanoma 2-Like receptors) or pyrin (20-22). NLRP3, from the NLR family, is one of the best well
characterized inflammasome sensors that has been implicated in the development of several autoimmune
and inflammatory diseases such as multiple sclerosis, type 2 diabetes, atherosclerosis and cryopyrin-
associated periodic syndrome (23).

Inflammasome activation is a tightly controlled system involving a two-step process: priming and activation
(24, 25) (Figure 1). The priming signal triggers toll-like receptors to initiate the nuclear factor NF-kj
pathway that results in the expression of NLRP3, pro-IL-1B, pro-IL-18 and procaspase-1 (24-26).
Simultaneously, a secondary signal (activation) is required to prompt inflammasome assembly. The
secondary signal is triggered by a variety of stimuli such as changes in cellular concentration of K, increase
in intracellular Ca®", internalization of flagella through endocytosis, pore-forming toxins, and lysosomal
disruption, among others (25-28). Activation and oligomerization of the NLRP3 sensor leads to the
recruitment of the adaptor ASC and effector procaspase-1 to the inflammasome complex, which ultimately
results in procaspase-1 autocleavage into its active form (Figure 1). Caspase-1 processes proinflammatory
cytokines into their active forms, as well as the protein Gasdermin-D into its active N-terminus form (29,
30). Once cleaved, the N-terminus of Gasdermin-D self-associates forming large pores in the plasma
membrane causing the cell to undergo an inflammatory form of death known as pyroptosis (30-33), which
facilitates the release of active proinflammatory cytokines into the extracellular matrix.
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Figure 1. NLRP3 inflammasome priming and activation. Priming (left) results from the activation of cell receptors
by pathogen-associated molecular patterns (PAMPS) and cytokines, leading to the expression of inflammasome
components (sensor (NLRP3), ASC, procaspase-1) and cytokine zymogens (pro-IL-1 and pro-IL-18). Activation
(right) by different stimuli such as changes in K effhix, lysosomal damage, or nucleic acids from virus and bacteria,
leads to nflammasome assembly and the activation of the procaspase-1. Sensor and procaspase-1 are bridged by the
adaptor ASC. Upon activation, caspase-1 cleaves the proinflammatory cytokines and Gasdermin-D. The N-terminus
of the latter forms pores in the plasma membrane facilitating cell death by pyroptosis.

ASC functions as a mediator between the sensor and procaspase-1 during inflammasome formation and
regulates proper inflammasome assembly (14, 17, 34). ASC is a multi-domain protein consisting of a N-
terminal PYD and C-terminal CARD connected by a 23 amino acid linker (14, 21, 35). ASC exists in four
different isoforms: canonical ASC, ASCh, ASCc, and ASCd (14). ASC and ASCb are structurally similar,
differing only in the length of their linker (23 amino acids versus 4 amino acids, respectively) (13, 14).
During activation ASC localizes with sensor and procaspase-1 forming the inflammasome, which adopts
the shape of a micrometer-size ring or speck (ASC speck) in the cytosol (36). Colocalization of ASC with
caspase-1 and NLRP3 produces a strong inflammatory response measured by IL-1B release to the
extracellular milieu (14). In contrast, ASCb is not able to assemble into the typical filamentous ASC speck,
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forming instead irregular filaments. It has been reported that ASCb is a less potent activator of the
inflammasome compared to ASC (14). Interestingly, ASCc, which retains the intact CARD, but not the
PYD, acts as an inhibitor of the inflammasome complex, whereas the function of ASCd is still currently
unknown (14).

Previously, we have reported using real-time NMR and dynamic light scattering that ASC and ASCb show
stark differences in their ability to self-associate (16). We also showed using high-resolution NMR that the
PYD and CARD of ASC and ASCb are identical at the structural level. Thus, differences in self-association
must be associated with the length of the linker connecting both domains and with interdomain flexibility.
Interdomain dynamics of multi-domain proteins can be quantified using >N NMR relaxation techniques to
determine local and global dynamics. '*N relaxation of the protein backbone provides dynamic information
that can be correlated to protein function (37). Our previous studies on the structure and dynamics of ASC
suggest that interdomain flexibility could facilitate protein-protein interactions by enabling the two domains
to act semi-independently of each other, thus allowing each domain to sample a large volume of space
without interfering with each other’s binding capability (35).

We report herein the study and comparison of the interdomain dynamics of ASC and ASCb using high-
resolution NMR relaxation techniques. Protein rotational correlation times derived from NMR relaxation
data indicate that ASCb tumbles as a rod with little interdomain flexibility, whereas ASC domains are semi-
independent. Thus, interdomain flexibility correlates with improved self-association observed for ASC
relative to ASCb (35). We hypothesize whether a longer linker would confer additional flexibility and thus
better interacting capabilities. To test this hypothesis and further understand the influence of linker length
on the function of the inflaimmasome adaptor, we generated an artificial isoform, herein referred to as
ASC3X, with a significantly increased linker length (69 amino acids, corresponding to 3 times the length
of ASC linker). The rationale behind the use of a 3X linker is to determine the effect of linker length on the
interdomain dynamics at one extreme scenario as a direct contrast to ASCb’s very short linker. We show
by NMR that the PYD and CARD of ASC3X retain the six-helix bundle motif common to death domain
proteins. However, real-time NMR data of ASC3X self-association indicates a significantly different
behavior compared to ASC and ASCb (16). In addition, dynamic light scattering studies reveal higher
polydispersity compared to the natural isoforms. Size-exclusion chromatography analysis of ASC3X shows
monomer, low-order, and high-order oligomers, whereas the low-order species was not observed in ASC
and ASCb. We reported previously that both PYD and CARD in ASC are integral part of the filament
structure. Here, negative-staining transmission electron microscopy (ns-TEM) studies show that ASC3X
also assembles into filament bundles with analogous structural characteristics to those formed by ASC and
ASCb. Finally, NMR relaxation techniques reveal that interdomain flexibility in ASC3X is only slightly
larger than that of ASC. The modest increase in interdomain flexibility in ASC3X compared to ASC
suggests that an intermediate sized protein such as ASC2X (46 amino acid linker) would not lead to
significant changes. Altogether, our results point to a critical role played by the length of the ASC linker in
fast self-association and close to monodisperse oligomerization that involves both interdomain flexibility
but also sufficient proximity of the PYD and CARD to form part of the filament structure. In contrast,
ASC3¥X interdomain flexibility is comparable to that of ASC but the two domains are separated by a very
long linker, likely slowing down filament and filament bundle formation.
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Results
ASC3X design and structural comparison with canonical ASC

We reported recently that ASC’s faster and less polydisperse self-association compared to ASCb is related
to its longer linker (23 and 4 amino acids for ASC and ASCb, respectively) (amino acid sequences shown
in Figure S1) (16). We aimed at testing whether a longer linker would further improve the interacting
capabilities of ASC isoforms. With this purpose, we engineered an artificial isoform that shares identical
N-terminal PYD and C-terminal CARD albeit connected by a linker three-times longer (69 amino acids)
(amino acid sequence shown in Figure S1) than ASC’s linker; hereinafter referred to as ASC3X (Figure
2A).

We showed previously that ASC and ASCb share the same six-helix bundle motif in the PYD and CARD
(11, 16). For an analogous structural comparison between ASC and ASC3X, the NMR chemical shift
assignments of ASC3X were inferred from the chemical shifts reported for ASC (39) and checked by triple-
resonance NMR. ASC3X 'H, PN, *C, and *Cp chemical shifts are shown in Table S1 and have been
deposited in the Biomagnetic Resonance Bank with ID 51509.

The overlay ofthe amide ['H-"*N]-HSQC spectra of ASC and ASC3X shows signal overlap of most amino
acids inthe PYD and CARD regions, thus indicating structure equivalence (Figure 2B). The 69-amino acid
long linker in ASC3X results in intense signals in the 'H chemical shift interval between 8.0 and 8.5 ppm,
which corresponds to amide 'H chemical shifts of disordered protein regions (40). Combined amide 'H-!°N
chemical shift deviations between ASC and ASC3X are small with a standard deviation value lower than
0.025 ppm (Figure 3A). Larger deviations are expected for residues close to the linker in the amino acid
sequence or in the 3D structure. In addition, the '3Ca chemical shift differences from tabulated random coil
values indicate the presence of two six-helix bundle motifs for the PYD and CARD of ASC3X as previously
observed for ASC (Figure 3B).
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Figure 2. Structure comparison between ASC3X, ASCh and ASC. (4) Structures of ASC (35), ASCb (16), and
ASC3X (model createdwith Chimera (38) based on the structure of ASC (35)) in ribbon form. (B) 2D-[* H-"*N]J-HSQC
(NMR protein fingerprint of ASC and ASC3X showing almost complete signal overlap in the PYD and CARD). A
region of the spectrum is zoomed in for clarity. Unassigned peaks of the linker are indicated with arrows.
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Different oligomerization kinetics of ASC3X compared to ASC and ASCD by real-time NMR

ASC and ASCb have a strong tendency to polymerize forming filaments and filament bundles under
physiological conditions in accord with their function as inflammasome adaptors (14-16). In addition to
pH and protein concentration (35), other factors such as temperature and the presence of salt were identified
as important determinants in ASC’s oligomerization process based on analytical centrifugation (41) and
size-exclusion chromatography (16).

Upon ASC and ASCb oligomerization, NMR signal intensity decreases with time because large protein
assemblies are formed and have slow tumbling rates not contributing to signal intensity (16). As a result,
NMR signal intensity follows an exponential decay as protein self-association progresses. An analogous
effect has also been observed in amyloid B-peptide and prion protein oligomerization (42, 43). Previously,
we found that ASC oligomerizes following two kinetic phases. In contrast, a single slower Kinetic phase
was observed for ASCb. Because the only difference between ASC and ASCb is the length of the linker,
we could expect that ASC3X behaves like ASC.

To study ASC3X oligomerization by RT-NMR, we have followed the same protocol used for ASC and
ASCb (16). Briefly, pure *N-labeled protein in lyophilized form is dissolved in the NMR buffer at a
concentration of ~ 700 uM to start the oligomerization process. A series of 2D-[*H,*N]-NMR spectra were
acquired as a function of time for 65 hours. The overall signal intensity of the spectra decreases with time
due to oligomerization (Figure 4A). The decrease of NMR signal intensity in ASC3X is analogous to that
found in ASC (16), although to a significantly lesser extent, and different from ASCb behavior (Figue 4B).
Apparent steady state conditions are reached approximately 20 h after the start of ASC3X oligomerization
resulting in a plateau at ~ 75% of the original intensity.

Single- and double-exponential equations (Equations 1 and 2, respectively) were used to fit the overall
intensity decay. Fitting to a double-exponential was better, which suggests that at least two steps with
different rate constants take place in ASC3X oligomerization. Fast and slow rate constants for ASC3X were
obtained: kiascsx = 0.5 h'! and kzascsx = 0.09 h'l, respectively (Table 1). This result can be explained by
protein assembly into different types of oligomers at different rates. The ki and k; values indicate that the
initial decay is faster compared to ASC and ASCb; however, polymerization is less effective (plateau
reached at ~ 75% of the original intensity). These results suggest that initial ASC3X oligomerized species
form fast, but subsequent polymerization to higher-order oligomers is not as efficient.

y=Apge K4+ A, eq. 1
y=Ape K 4 Aje™*Ka 4 Ay eq. 2
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Figure 4. Less effective oligomerization of ASC3X compared to ASC and ASCh. (4) Overall NMR signal decay
from 1D projections of 2D spectra as a function of time for the oligomerization of ASC3X. (B) Normalized overall
NMR signal intensity decay versus time for ASC3X, ASC (16) and ASCH (16) at approximately 700 g protein
concentration.

By performing this analysis at the amino acid level, we reported previously that the PYD and CARD
domains of ASC show different behavior in the first kinetic phase with ki values of the PYD larger
compared to the CARD (Table 1). However, the k> values are similar for both domains. This behavior was
not observed for ASCb (Table 1). Our results led us to suggest that PYD-PYD interactions drive the first
step in the oligomerization reaction of ASC, followed by PYD and CARD participation in subsequent
polvmerization steps. In contrast, equivalent participation of both domains is apparent in the polymerization
reaction of ASCb.

For ASC3X, we selected amino acids representative of the protein secondary structure that give rise to well-
resolved NMR signals. Specifically, we selected residues in the PYD from helices 1 (E13), 2 (1.20), 3 (G42),
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5 (T63 and A66) and in the CARD from helices 1 (R119), 4 (N155, K158), 5 (L.176) and 6 (V189)
(numbering follows ASC sequence, Figure S1). The fitting of NMR signal intensity decay of the individual
amino acids to the exponential equations reveals that the PYD and CARD follow different behaviors
(Figure 5). The average rate constants (k1 and k2) of 33 analyzed signals from each domain (5 residues in
each of the 6 helices and 3 amino acids in the long loop connecting helices 2 and 3) are similar (Figure 6A,
Table 1), however, the intensity of CARD signals decreases to values close to zero (~ 6%), whereas PYD
signals show much smaller decrease to values ~ 76% of the initial intensity (Figure 5). In addition, k; and
k2 rate constants for individual amino acids in PYD and CARD are smaller than the values obtained for the
overall intensity decay when all amino acids are included (Table 1). This discrepancy could be attributed
to contributions of the long linker to signal intensity and to the significantly different kinetic behavior of
the PYD and CARD.

Table 1. Kinetic parameters from exponential equations 1 and 2

Protein isoform

Rate (b)) ASC3X® ASC ASCh®
ki 0.503 +£0.007 0.15+0.03 0.02+0.01
ks 0.097 £ 0.007 0.04+0.01 0.02+0.01
KiavepyD 030+0.14 0211004 0.0269 £+ 0.0009
K2averyD 0.03+£0.02 0.05+£002 0.0269 £0.0009
KiavecarD 0.33 £0.06 0.12+0.02 0.0288 = 0.0009
Kaavecarn 0.05+0.03 0.02+0.01 0.0288 +0.0009
Goodness of fit
w2 0.00044850 0.00032796 0.00059583
r 0.998312 0.999812 0.999806

a: reported error from fitting. b.c: retrieved from ref (16).
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Figure 5. PYD and CARD domains display larger differences in self-assembly kinetics as linker length increases.
(A) PYD and CARD domain of ASCh show similar oligomerization kinetics (16). (B) Increase in linker length affects
the oligomerization kinetics of the PYD and CARD domain of ASC (16). (C) The presence of a 3X linker has a
significant effect on the oligomerization of the CARD domain. The helix to which each amino acid belongs is indicated
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The substantial decrease in CARD signal intensity contrasting the much smaller decrease for the PYD is
explained by CARD participation in homotypic interactions resulting in the formation of initial oligomeric
species in which the PYD is not involved. These first oligomers will have highly mobile PYDs connected
to oligomerized CARDs by the very long linkers. The higher mobility will result in intense signals from
amino acids in the PYDs. To further investigate the abrupt intensity decay in CARD signals, we have
monitored amide signal linewidth for both 'IT and N in the of 2D-['H-!*N]-HISQC spectra for all time
points for the PYD and only up to 10 h after the start of the experiment for the CARD because signal
intensity for the latter is close to baseline level after 10 hours (Figure 6B). The average signal width at half
height is similar for both domains (Figure 6B). However, while there is almost no variability in signal width
with time for the PYDD, significant variations (~ 5 Hz) are observed for the CARD. This variability might
reflect a larger error in the CARD due to the abrupt loss in signal intensity, as well as an eflect of the kinetics
of CARD oligomerization in signal broadening. This dynamic effect occurs when the exchange rate
(interconversion rate) between monomer and initial oligomeric species is similar in magnitude to the
difference in resonance frequency for CARD nuclei in the different species. This behavior was not observed
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for ASC and ASCb oligomerization and indicates that ASC3X self-association follows different kinetics
and possibly the formation of initial species with different half-lives.
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Figure 6. RT-NMR kinetics of ASC3X self-assembly reveals an important role of the CARD domain (1) Rate
constants (k; and k) of 33 signals from the PYD and 33 signals from the CARD (from 5 amino acid per helix and 3
amino acids in the long loop comnecting helices 2 and 3) versus residue number. Solid black lines are averages
obtained for each data set. (B) Differences in linewidth (at half-height) are average values for all time points for the
PYD and time points up to 10 h for the CARD for ‘H (top) and *°N (bottom) amide signals in 2D-['H-’N]-HSQC.
Error bars are standard deviations.

We have shown previously that both PYD and CARD are integral part of the ASC filament (15), whose
formation is facilitated if the two domains are not very far apart. In ASC, the two domains are connected
by a linker sufficiently long to allow for reorientation, thus favoring multiple interactions, but also
sufficiently short for the readily participation of the PYD and CARD in filament formation (15). In contrast,
the participation of both domains in filament formation for ASC3X could be hindered by the large
separation between the two domains. Overall, RT-NMR results indicate that the engineered isoform follows
different kinetics for oligomerization compared to the natural isoforms. For ASC3X, the CARD domain
appears to be the initial driving force of the polymerization, followed by the PYD. Based on the low
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intensity decay of the PYD in ASC3X compared to the PYD in ASC (16), the oligomerization capabilitics
of the engineered isoform have diminished, suggesting that an interdomain linker longer than the natural
one does not enhance polymerization but is in fact disruptive.

To test whether chemical modifications influence the kinetics of ASC3X self-association, we used mass
spectrometry on protein samples prepared several weeks after oligomerization started. Using liquid
chromatography (reverse phase) coupled to mass spectrometry, the ASC3X spectrum shows a single peak
that corresponds to the monomeric species (data not shown). The molecular weight from mass spectrometry
(28,204.6 g/mol) matches the theoretical molecular weight of 1*N-labeled monomeric ASC3X (28,2029
g/mol), thus ruling out chemical modifications during self-association. The oligomerized ASC3X sample
was also studied by mass spectrometry avoiding the unfolding step of the reverse phase column. In this
case, both monomer and dimer were observed (Figure S2).

ASC3X forms oligomers of different sizes detected by size-exclusion chromatography

Size-exclusion chromatography (SEC) was used to study oligomer size distribution of ASC3X at different
conditions of polymerization: time, protein concentration and pH. We reported previously using NMR and
analytical ultracentrifugation that NaCl and high protein concentration promotes ASC self-association (41).
Protein samples for the chromatographic analysis contain 150 mM NaCl to avoid non-specific interactions
with the chromatographic matrix. The samples were not filtered to allow detection of large size oligomers.
Instead, the samples were centrifuged for 1 minute to pellet down potential precipitated material.

ASC3X samples at 50 uM concentration and pH 3.8 were subjected to SEC (Superdex 200 10/300 GL:
molecular weight range of 10 — 600 kDa) 30 and 80 minutes, and 2 days after preparation. The resulting
chromatograms show absorbance peaks (at a wavelength of 280 nm) at elution times of ~ 17, ~ 33 and ~ 39
minutes for samples at 20 and 80 minutes after sample preparation (Figure 7A,B). The first elution peak
matches the void volume of the column, thus corresponding to oligomers with molecular weight > 600 kDa.
According to the SEC calibration ASC3X dimer and monomer should elute at ~29 min and ~32 min,
respectively, considering a globular protein. However, ASC3X has a very long linker and thus increased
retention times are expected, as this effect has been reported for ASC (16). Because retention times of 33
and 39 minutes are significantly different than the expected values, we cannot derive conclusions on the
oligomeric state of the protein in each peak.

ASC3X behavior differs from that of ASC and ASCb in SEC studies, as the former assembles into long-
lived oligomers of different size, whereas only oligomers > 600 kDa and monomeric species were observed
for the latter (16). The peak at 33 minutes in ASC3X chromatogram is absent in the chromatogram obtained
2 days after sample preparation, and only the peaks at 17 and 39 minutes of elution time remain (Figure
7C). This result indicates that the oligomer at 33 minutes finally disappears with time to form higher-order
oligomers.

We also tested the influence of protein concentration in the oligomerization behavior of ASC3X. At higher
protein concentration (150 uM) and 30 minutes after sample preparation, the monomer peak is absent from
the chromatogram (Figure 7D) and the long-lived oligomer is observed. This result indicates that the lon-
lived oligomer is favored at higher protein concentration. To test the reversibility of the oligomerization
process, the peaks at 17 minutes (high-order oligomers) and 33 minutes (long-lived, low-order oligomer)
minutes were collected and reinjected in the SEC column. The resulting chromatograms show peaks at the
same elution times (Figure 7E). In the latter chromatograms, the signal to noise ratio has decreased due to
protein dilution during the SEC process. This result suggests that once the low-order or high-order
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oligomers are formed, the equilibrium is significantly shifted toward these species and thus the monomer
cannot be detected by absorbance. The data in Figure 7E corroborate the high stability of the low-order
oligomer inferred from its presence in the chromatograms shown in A, B and D and from the NMR data.

To investigate by SEC the effect of pH in the oligomerization of ASC3X, we acquired chromatograms at
pH 4.8 and 3.3. Significant precipitation occurs when the pH inereases from 3.8 to 4.8 and 5.3. However,
the chromatogram at 4.8 resulting from the supernatant after centrifugation shows three peaks at elution
times equivalent to those observed at 3.8 (Figure 7F). As expected, the three peaks show lower absorbance
values because of protein mass lost upon precipitation. In contrast, at pH 5.3, only the peak corresponding
to the low-order oligomer at 33 minutes remains (Figure 7G), suggesting that the monomer is no longer
stable under this less acidic pH and that the high-order oligomers, possibly more populated and larger, fall
out of solution. It is important to note that the presence of the peak at the void volume indicates that ASC3X
oligomers are > 600 kDa, corresponding to a lower limit of ~ 21 protomers in ASC3X oligomers.
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Figure 7. ASC3X oligomer size distribution by size-exclusion chromatography. (A, B, C) ASC3X monomer, low-
order and high-order oligomers retention times 30 and 80 minutes, and 2 days after sample preparation (50 pM, pH
3.8), respectively. (D) ASC3X oligomer formation at 150 giM, pH 3.8. (E) Chromatograms resulting from the injection
of peaks collected at elution times of 33 and 17 minutes from (A). (F,G) ASC3X (50 M) monomer and oligomer
elution times at pH 4.8 and 5.3, respectively.

ASC3X polymerizes forming filaments of similar width compared to ASC and ASCbh

The analysis of ASC and ASCb macrostructures using negative-staining Transmission Electron Microscopy
(ns-TEM) has been reported previously (15, 16). Both proteins readily form filaments with an average width
of ~ 7nm (15, 16) frequently stacked forming bundles. Bundles composed of 3- and 4-filaments are more
abundant for ASC, whereas 2-filament bundles are prominent in ASCb. Bundle width is a multiple of the
width of the individual filament and matches the number of filaments in the bundle, thus indicating that
filaments align laterally. ASC filaments are formed by stacked rings with the size of an ASC dimer,
suggesting a possible mechanism for filament growth. (13),

An analogous analysis by ns-TEM indicates that ASC3X has high propensity of forming 2-filament bundles
(Figure 8). In contrast to ASC and ASCb, individual, isolated filaments were not observed for ASC3X and
three-filament bundles were very infrequent. An average bundle width of 15.19 £ 0.53 nm was measured
based on the analysis of 50 ASC3X filament bundles composed of two filaments. The width of individual
filaments obtained from the 2-filament bundles is 6.94 &+ 0.22 nm. These results indicate that despite the
very long linker, ASC3X can form filaments of similar width to those formed by ASC and ASCb.
Combining the RT-NMR and ns-TEM results, we can conclude that the long linker in ASC3X modifies the
oligomerization kinetics but not the basic capability to polymerize forming filaments. The analysis of
multiple macrostructures clearly shows a predominance of 2-filament bundles; exceptionally few three-
filament bundles were observed (Figure 8). Therefore, additional lateral stacking of filaments forming
multiple-filament bundles is hindered in ASC3X.

It is worth to note that the experimental conditions used for filament formation (TEM) and RT-NMR
experiments are different. Neutral pH is needed in the former and acidic pH is required in the latter to shift
oligomerization equilibria toward monomeric and lower-order oligomeric species that lead to appreciable
NMR signal. The ns-TEM analysis shows that the less effective oligomerization of ASC3X is partially
overcome at neutral pH. However, the lack of multiple-filament bundles in ASC3X compared to ASC
suggests that additional oligomerization is hindered in the former. At this point we can only speculate
whether ASC3X long linker is responsible for the preponderance of two-filament bundles (almost
exclusively present) and the lack of individual filaments and bundles with multiple (>2) filaments.
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Figure 8. ASC self-assembles predominantly into two-filament bundles. ns-TEM micrographs showing ASC3X
bundles at different magnification. Arrows point to the separation of a two-filament bundle into individual,
constituent filaments (up), and infrequent three-filament bundles (bottom).

ASC3X self-association is more polydisperse compared to ASC and ASCh

Dynamic light scattering (DLS) was used to study the kinetics of ASC3X oligomerization. Figure 9 shows
the intensity of the scattered light versus particle size at different time points. The intensity of the observed
peaks depends on the population of the different particles present in solution and is proportional to the sixth
power of the particle radius. A perfect sphere is assumed in the calculation of particle size. However,
ASC3X oligomers are filamentous (Figure 8), thus the dimensions shown in Figure 9 do not correspond
to the real oligomer size. Nonetheless, the DLS data help identify populations of different assembly size
and how they change as self-assembly proceeds.
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According to the DLS data, ASC3X forms species categorized in three group sizes: ~ 10, 40 and 400 nm,
30 minutes after sample preparation, which is the time required to obtain the first DLS measurements
(Figure 9A). As oligomerization progresses, small variations in the population and size of these species are
observed, reaching steady state 49 hours after oligomerization started with peaks at ~ 10, 30 and 300 nm
(Figure 9B). The ASC3X species detected by RT-NMR could correspond to the peak at ~ 10 nm, with
high-order oligomers represented by the other two peaks. As oligomerization proceeds, the peaks at ~ 40
and 400 nm decrease in size, suggesting that the oligomers are more close-packed. At the end of the kinetic
experiment, ASC3X still shows three species of different size, whereas ASC showed only one species and
ASCb showed 2 (Figure 9A) (16). Importantly, the overall polydispersity value (p) of the ASC3X solution
at the end of the polymerization experiment is fairly constant and close to 1 (pascax = 0.934 + 0.0509)
(Figure 9B), contrasting with the lower polydispersity values of ASC and ASCb (pasc = 0.35 + 0.04 and
pasch = 0.79 £ 0.06) (16).

Previously reported DLS data on ASC and ASCb polymerization agree with the former forming a speck of
unform size and the latter polymerizing into clustered and disordered filaments inside the cell (14, 16). A
behavior closer to that of ASC was expected for ASC3X. However, polymerization of the artificial isoform
leads to the largest polydispersity observed. Altogether, results from cell assays, RT-NMR and DLS suggest
that the length of ASC linker is optimal for faster polymerization leading to solutions of lower
polydispersity. In addition, ASC shows higher tendency to form multiple-filament bundles based on ns-
TEM data (15), which might be required for the formation of ASC filamentous ring-specks with an
approximately 150 nm wide rim (36). We may attribute the slower polymerization kinetics, higher
polydisperse oligomers and less densely packed macrostructures of ASCb and ASC3X to the very short and
very long linkers of the former and latter, respectively.
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Figure 9. Time-dependent population distribution of ASC, ASCh and ASC3X oligomers by dynamic light
scattering. (4) Changes over time in intensity of scattered light vs. size of ASC, ASCh (16) and ASC3X oligomers.
(B) Changes in polydispersity values of ASC, ASCh (16) and ASC3X solutions during the oligomerization process.
Data in (A) and (B) are an average of 3 measurements and error bars in (B) represent SD. The 30 min time-point
can be considered as 0 min time-point after sample preparation.

Interdomain dynamics in ASC isoforms increases with linker length

We hypothesized previously that the linker in ASC plays an important role in interdomain dynamics (16,
33), which in turn could have an effect on the interacting capabilities of the PYD and CARD domains.
Recently, we have shown using molecular docking that the proximity of the PYD and CARD in ASCb, due
to the short linker, hinders its interactions with the CARD of procaspase-1 (16). This result was not observed
for ASC where the two domains are sufficiently separated by the much longer linker (16). In addition, we
showed based on previous NMR relaxation studies that the two domains in ASC have different rotational
correlation times due to the flexibility of the linker (35). We have performed analogous studies to investigate
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the influence of the linker length in the interdomain dynamics of the natural and designed isoforms, ASCb
and ASC3X, respectively.

Information on NMR relaxation properties of the protein backbone amide ("°N) was obtained by measuring
the heteronuclear Overhauser effect ([!H]-!°N-NOE), as well as the longitudinal (T;) and transverse (T2)
relaxation times for the three isoforms (Figure 10). These three parameters depend on the amide '*N-H
bond dynamics and the rotational diffusion of the molecule (37, 44). Information on backbone dynamics is
readily inferred from heteronuclear NOE experiments as residues adopting regular secondary structure
show NOE values in the 0.78 - 0.83 range, compared to values lower than ~ 0.65 for residues located in
more flexible regions such as linkers and loops (45, 46). For better comparison, these studies have been
performed for the three proteins, ASC, ASCb and ASC3X under the same experimental conditions,
including same magnet, and using identical NMR pulse programs designed to avoid water interference that
results in increased measurement errors (47). Previously reported NMR relaxation data for ASC were
obtained with pulse programs that did not avoid water interference as this effect was not known at the time
(35).

The average heteronuclear NOE values for the PYD and CARD regions in ASC3X, ASC and ASCD are the
values expected for two rigid structures (Table 2, Figure 10A). In contrast, these values start to decrease
in the regions close to the PYD C-terminus and the CARD N-terminus toward the linker center (Figure
10A). The very long linker in ASC3X shows severe NMR signal overlap and chemical shifts could only be
assigned for a few amino acids; however, the trend toward low or negative heteronuclear NOE values in
this region is clear. These results indicate that the linker undergoes local motions on a fast time scale
compared to molecular tumbling. The heteronuclear NOE data indicate that ASC, ASCb and ASC3X
comprise two well-ordered, rigid domains.

Clear differences are observed in the average T; values for ASCb compared to ASC and ASC3X (Table 2,
Figure 10B). If interdomain motion is not considered and we assume globular shape for the isoforms, the
T1 values should decrease concomitantly with a decrease in the protein molecular weight (MW). Thus, the
largest Ty values would correspond to ASC3X (highest MW) and the lowest values to ASCb (lowest MW).
We observe the opposite: average T1 values are largest for ASCb and lowest for ASC3X. This result is a
consequence of the non-globular shape and responds to the presence of interdomain dynamics. As
interdomain mobility increases, the NMR relaxation parameters approximate to values expected for the
individual domains. Thus, we suggest two extreme models for interdomain dynamics of the three isoforms:
1) each domain is dynamically independent; 2) both domains tumble as a single rigid body.
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Figure 10. Interdomain dynamics in ASC3X, ASC and ASCh from "’ N amide NMR relaxation. (4) Heteromuclear
NOFE. (B) longitudinal (T), (C) and transverse (1) relaxation times. (D) T)/T> ratios of ASC (magenta), ASCh (blue),
and ASC3X (black).

We can expect significant interdomain flexibility in ASC3X due to the 69-amino acid long linker. Thus, T;
values for both PYD and CARD are the smallest (Table 2), as the two domains could almost be considerad
independent from one another. T1 values for PYD (MW = 9,951.5 Da) are ~ 100 ms larger than for the
CARD (MW = 9,737.1 Da) because of the larger MW of the former compared to the latter. This result
reflects the dynamic independence of one domain from the other. An analogous situation is found for ASC,
with the 23-amino acid long linker also conferring interdomain flexibility. The T1 values in ASC are slightly
higher compared to ASC3X (Table 2) because the PYD and CARD feel the drag from each other more
pronouncedly than in ASC3X. The shorter linker in ASC results in slightly less interdomain flexibility. The
Ty values for the PYD are also larger than for the CARD in ASC, but the difference between the average
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values is ~ 80 ms. The decrease in T values difference is again a consequence of the shorter linker in ASC
compared to ASC3X. In contrast, NMR relaxation results for ASCb are very different. The linker
connecting the PYD and CARD of ASCb is only 4 amino acids long, and therefore we expect a great
reduction in interdomain flexibility. In fact, the average T; values for ASCb are the largest out of the three
isoforms, even though ASCb molecular weight is the smallest. In this case, the average T; value for the
PYD is larger than that of the CARD but the difference is only ~ 27 ms. This behavior can only be explained
by largely diminished interdomain dynamics, which results in both domains tumbling almost as a rigid
body.

The differences in T2 values between the three isoforms is not as large as for Ty, but appreciable (Figure
10C, Table 2), and follow the expected trend matching the reduction of interdomain dynamics for the
shorter linkers. Thus, we observe higher average Tz values for ASC3X and lower for ASCb. However,
based on the molecular weight we would expect the opposite result for globular proteins, which again shows
the impact of interdomain dynamics on the NMR relaxation data. In addition, T2 values are smaller for the
PYD than for the CARD of ASC3X and ASC, again indicating significant interdomain flexibility with a
trend toward the expected results for independent domains. Furthermore, the difference in Tz values for the
PYD and CARD is larger for ASC3X than for ASC due to the additional flexibility. In contrast, this
difference is much smaller for the for PYD and CARD of ASCb, which indicates that the two domains
tumble together. The different T> values of the PYD and CARD could also result from differences in the
stability of the folded domains. However, the effect of the short ASCb linker cancelling this difference
suggest that it is related to domain motion more than to domain stability.

To obtain more information on the degree of interdomain dynamics, an analysis of backbone amide >N
T1/T> ratios is particularly useful because these values are similar for domains tumbling together and
different otherwise (435). The '*N Ty/T; ratios of the PYD and CARD of ASC and ASC3X are noticeably
different indicating that they reorient at different rates. In contrast, these values are more similar for the
PYD and CARD of ASCb, suggesting that both domains tumble at similar rates (Figure 10D, Table 2). No
significant differences are obtained in Ti/T; ratios for the PYD and CARD of ASC3X and ASC (~ 1.9 for
both proteins), which suggests that the very long linker in ASC3X confers only marginally additional
interdomain flexibility.

Table 2. Average 1*N relaxation parameters for ASC isoforms

Protein isoform

15N relaxation parameter ASC3X ASC ASCh
PYD CARD PYD CARD PYD CARD
T1 (ms) 67415 57T7+12 722+ 14 639+ 19 925+ 13 898 + 13
Tz (ms) 83.4+0.3 942+0.7 769+ 0.6 83.6+0.7 65.5+03 66.7+0.5
NOE 078 £0.02 0.78+0.03 0.79+0.03 0.79+0.03 0.79+0.02 0.81£0.02
T/ Ty 79405 6.0+0.38 94+06 75+£06 141+ 08 13+1

To further investigate differences in interdomain dynamics, we have obtained rotational correlation times
(tc) for the full-length isoforms and the individual PYD and CARD domains by applying the Lipari-Szabo
model free formalism to our NMR relaxation data (Table 3) (46, 48). As a reference for comparison, we
show in Table 3 the experimental and theoretical 1c values obtained for PYD-only protein ASC2 (49) with
similar size and structure to ASC individual domains, and for the N- and C-terminal domains of the protein
calmodulin (45).
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The NMR-derived tc values of both PYD and CARD in ASC3X and ASC (highlighted in bold in Table 3)
are only slightly larger than the experimental t. value of ASC2, indicating that the two domains are
independent at the dynamic level for both isoforms. These results suggest that the PYD and CARD dynamic
behavior in ASC and ASC3X is closer to the extreme model in which each domain is dynamically
independent. The slightly larger values for ASC and ASC3X compared to ASC2 indicate the dragging effect
of the linker. This effect is more pronounced for ASC, resulting in larger differences with respect to ASC2,
due to a shorter linker compared to ASC3X. In addition, we observe larger 1. values for the PYD relative
to the CARD, which matches the expected slower tumbling of the former due to the higher MW of the PYD.
In contrast, Tc values of the PYD and CARD in ASCD are significantly larger than the experimental values
for ASC2. Moreover, the difference in tc values between the PYD and CARD in ASCb is very small and
close to the experimental error. Both results indicate that ASCb dynamic behavior matches the model where
both domains tumble as a rigid body. Interestingly, the experimental and theoretical tc values (based on
molecular size) for the full-length proteins (highlighted in italics in Table 3) are very similar for ASCb
(with a difference of ~ 1 ns), and disparate for ASC and ASC3X, reaching a difference of ~ 9 ns for the
latter. These data point again to the independent dynamics of the PYD and CARD in ASC and ASC3X, and
lack thereof in ASCb.

In summary, ASCb (4 amino acid linker) does not show significant interdomain flexibility, whereas ASC
and ASC3X show substantial interdomain dynamics, slightly more accentuated in the latter despite the
three-times longer linker. It has been reported that interdomain motion resulting from linker flexibility has
important roles in protein function (4, 7). A well-known example is the multifunctional protein calmodulin
with two domains connected by a relatively long linker (15 amino acids) that promiscuously binds to
multiple partners (45, 30). NMR relaxation studies on calmodulin show that interdomain flexibility
facilitates domain reorientations and simultaneous interactions of both domains with the different ligands
(45, 51). Analogously to calmodulin, ASC and its isoform ASCb also interact with different inflammasome
proteins (caspase-1 and sensor) and self-associate for inflammasome assembly. Each domain in ASC and
ASCb bind to different molecules via homotypic interactions. Importantly, the NMR-derived t. values for
the N- and C-terminus in calmodulin are significantly larger than the theoretical values, as previously
reported (35) (Table 3), thus agreeing with the results obtained for ASC and ASC3X. Proteins within the
Death Domain superfamily, such as FADD, have been reported to behave like ASCb at the dynamic level
with domains tumbling together (52).

Table 3. Experimental and theoretics rotational correlation times (t.) for ASC3X, ASC and ASCb

Tsoform Experimental 1. (ns) Theoretical T, (ns)?
Full length ASC3X 7.6+0.1 16.8 (# residues = 241)
ASC3XFYD 83+0.2 6.7
ASC3XCARD 7.1£0.2 6.2
Full length ASC 8.6+04 13.8 (# residues = 195)
ASCPYD 9.2+0.3 6.7
ASCCARD 8.1+0.3 6.2
Full length ASCb 114+£02 12.5 (# residues = 176)
ASCHHD 11.6+0.2 6.7
ASChHCARD 11.3+02 6.2
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ASC2b 6.2 6.3 (# residue 84)
Calmodulin (N-terminal) 7.1 4.1 (# residues 73)
Calmodulin (C-terminal) b 6.3 3.7 (# residues 66)

a: obtained with a spherical model (53) using the number of residues specified and the corresponding temperature: ASC3X, ASC and ASCb
(298 K), ASC2 (298 K), and calmodulin (308 K). b: reported experimental values for ASC2? (49) and calmodulin (45).

Discussion: ASC linker length is optimal for self-assembly

ASC and ASCb show differences in inflammasome activity as the former results in higher levels of released
IL-1B than the latter (14). In addition, ASC forms the regular specks in the cytosol of activated
macrophages, whereas ASCb forms filamentous polymers (14). These results suggest that ASC isoforms
could impact the regulation of the inflammatory response by differential inflammasome activation. ASC
and ASCb self-association are key in inflaimmasome assembly. Recently, we have studied the self-
association capabilities of ASC and ASCb using several biophysical and biochemical techniques (16). Our
studies show that ASC polymerizes faster and forms less polydisperse oligomers compared to ASCb, thus
explaining at the molecular level ASC’s more efficient inflammasome activation (16). We have suggested
that ASC’s long linker provides the flexibility needed for the multiple interactions required in filament
formation. In contrast, the short linker in ASCb obstructs its participation in intermolecular interactions.

We hypothesize here whether a longer linker could confer additional flexibility thus enhancing isoform
self-association. To test this hypothesis, we have engineered an artificial adaptor with a linker three times
as long as ASC’s linker (ASC3X). Our RT-NMR data indicate that ASC3X shows less effective
polymerization resulting in lower intensity decrease of the overall NMR signal compared to ASC and
ASCb. Importantly, pronounced differences in NMR data were observed between the PYD and CARD in
ASC3X that were absent in ASCb and minimal in ASC. Specifically, NMR signals of the CARD domain
decrease significantly, reaching values close to the baseline level, whereas PYD signals dimmish less than
25%.

The NMR results suggest that ASC3X assembles into CARD-driven oligomers bearing free (unbound)
PYDs at the initial stages of self-association. To illustrate this behavior, we have used molecular docking
to create models of ASC3X oligomeric structures via CARD-CARD interactions. The molecular docking
is driven by the well-known type I interactions between Death Domains, which involve contacts between
helices 1 and 4 of one CARD, and helices 2 and 3 the other interacting CARD (56-58). The smallest
oligomer is a dimer to which additional ASC3X molecules are added by docking, resulting in a pentameric
structure that closes the circle of interacting CARDs (Figure 11A). The molecular models shown that the
free PYDs are far away from one another due to the very long linker, to form PYD-PYD interactions that
are essential for filament formation (Figure 11A). In contrast, the shorter linker in ASC (Figure 11B)
results in a dimer model formed by CARD-CARD interactions that positions the PYDs nearby for
homotypic binding (Figure 11C).

Altogether, the RT-NMR data indicate that ASC3X polymerization is initially trapped into oligomers
formed with little participation of the PYD. In contrast, both domains show similar participation in ASC
and ASCD self-association leading to substantially more effective polymerization. The DLS data show that
ASC3X forms oligomers with significantly higher polydispersity compared to ASC and ASCb (Figure 9B),
indicating that the very long linker has perturbed the oligomerizing capabilities. In addition, SEC results
show the presence of long-lived ASC3X low-order oligomer species that were not observed in analogous
experiments for ASC or ASCb. In contrast, when the pH is close to neutral value, ASC3X assembles into
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filaments of similar dimensions to those formed by ASC and ASCb. Most ASC3X macrostructures are two-
filament bundles, which differs from ASC’s tendency to form multiple-filament bundles.

Finally, NMR relaxation data indicate that the PYD and CARD domains in ASCb tumble at very similar
rate, showing almost identical tc values, within the experimental error, for both domains. In contrast, ASC
and ASC3X show PYD and CARD domains tumbling at different rates, hence different 1. values were
obtained. However, ASC3X shows marginally larger interdomain flexibility reported by the shorter Ti and
longer T values compared to ASC. Overall, NMR relaxation data indicate that ASCb tumbles as a rod with
no appreciable interdomain flexibility due to the short linker, whereas ASC and ASC3X domains are very
flexible. Interdomain dynamics in both proteins are similar, however, ASC3X self-association is less
effective, and oligomer polydispersity is larger. To explain this behavior, we need to consider the role that
interdomain flexibility and linker length can play in filament formation.

A

Figure 11. Molecular models for the self-association of ASC3X and ASC. (4) Models derived from molecular
docking for ASC3X dimer (left) and 5-member oligomer (right). (B). Experimental three-dimensional structure of
ASC monomer showing interdomain flexibility (retrieved from ref (35)); (C) ASC dimer model formed by CARD-
CARD binding, showing the proximity of the two free PYDs for additional interactions and dimer stabilization.

We reported previously that both PYD and CARD are integral components of filament assembly based on
ASC macrostructure characterization by ns-TEM and NMR analysis on protein-protein interactions (15).
In addition, recent comparative studies on the kinetics of ASC and ASCD self-association corroborate PYD
and CARD concomitant participation in oligomer formation (16). Certain interdomain flexibility will be
required to favor the several types of interactions in which the PYD and CARD domains need to be
involved. If we focus firstly on the formation of an ASC dimer, once one domain of a monomer (CARD)
has interacted with its homologous in a nearby molecule, the second domain (PYD) will follow. As depicted
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in Figure 11C, this process appears to be relatively simple for ASC, with a linker that allows both the
required flexibility and sufficient proximity of the other interacting domain. Thus, the PYD and CARD of
ASC readily interact to form oligomers with integral participation of both domains. In this case,
intermediate oligomers are not observed experimentally, suggesting that they are short-lived likely leading
to extensive polymerization into filament formation.

In contrast, dimer formation with simultaneous participation of both PYD and CARD domains is more
difficult for ASC3X, as shown in Figure 11A. The PYDs of two ASC3X molecules bound through the
CARD will need to find each other for dimerization and high-order oligomer formation due to the extra-
long linker. Such behavior explains the large remaining NMR signal intensity and the presence of long-
lived low-order oligomeric species based on the SEC results. Oligomers that do not readily polymerize
would also lead to higher polydispersity, as observed by DLS. All in all, the comparison of the self-
association behavior of the natural isoforms ASC and ASCb (16) to that of the engineered adaptor ASC3X
shown here, together with the detailed study on the interdomain dynamics of the three isoforms, suggest
that ASC has an optimal linker for self-association because it confers the needed flexibility while keeping
both domains sufficiently close. The differential self-association observed for ASC, ASCb and ASC3X
indicate that the length of the linker can control the function of multidomain proteins.

Experimental Procedures

Expression and purification of unlabeled and isotopically labelled ASC3X

The expression and purification of ASC and ASCb has been described previously (16, 34, 35). The
expression and purification of ASC3X is analogous to the published protocols (16, 34, 35). Essentially, the
purification of the three proteins is done under denaturing conditions via His-tag and Ni?" affinity and the
proteins are refolded upon denaturant removal.

Structure of ASC and model of ASC3X

A model of the three dimensional structure of ASC3X was created based on the structure of ASC (PDB
2KNG6) (35) using the program Chimera (38). The 23 amino acid linker was tripled to make the 69-amino
acid linker for ASC3X.

RT-NMR experiments

RT-NMR experiments performed on ASC3X as well as NMR data processing and analysis followed
previously described procedures (16).

Chemical shift assignment of ASC3X by NMR Spectroscopy

ASC3X NMR samples were prepared at 200 uM in 300 ul, containing 5% D20, 20 mM glycine and 1 mM
TCEP at pH 3.8. Backbone chemical shift assignments of ASC3X were obtained from 2D ['H-'*N]-HSQC,
3D HNCACB, and 3D CBCA(CO)NH (60, 61) that were acquired at 298 K on a Bruker Avance III 600
MH spectrometer equipped with a cryoprobe. Data were processed with NMRPipe and spectra were
analyzed with Sparky (59, 62).

Backbone amide N relaxation measurements by NMR
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ASC, ASCb, and ASC3X samples were prepared in 20 mM glycine, 1 mM TCEP, pH 3.8 and 10 %
D20O/Hz0 at a concentration of 200 uM. Relaxation experiments were performed at 298 K in a Bruker
Avance spectrometer operating at a 'H frequency of 600 MHz. The *N Ti, Tip and {!H}-'*’N-NOE data
were obtained with specific NMR pulse sequences (45, 63). The recycle delay to measure "N Ty and {'H}-
LN-NOF. was 3 s, whereas Tip experiments used 1.2 s. All experiments were acquired in an interleaved
manner to minimize effects caused by spectrometer drift. Relaxation measurements of T and Tip were
taken at eight different relaxation delays A =23.987 ms, 103.843 ms, 263.555 ms, 503.123 ms, 762.655 ms,
1,002.223 ms, 1,301.683 ms, 1,601.143 ms for T; and A = 9.524 ms, 19.604 ms, 39.764 ms, 59.444 ms,
79.604 ms, 99.764 ms, 119.924 ms, 139.604 ms for Tip. Tip experiments used a >N continuous spin-lock
field of 2.5 kHz. Tip instead of T» relaxation times were acquired because resonance offset effects,
significant in T experiments, can be corrected in a straightforward manner for T1p data using the following
equation:

1/ Tip = cos?0/T; +sin? 0 /T eq. 3

where 0 = tan’!(Qn/guB1), Qn is the resonance offset and B is the strength of the spin-lock field. Tz
values can be obtained from equation (3) as T1, Tip and 6 are known. Relaxation times were calculated by
fitting peak-intensity dependence with the experiment relaxation times to an exponential function given by
Itt) = IoefV D (T = Ty, Tip). T1 and Typ values are averages of two separate measurements. The {'H}-1*N-
NOE values were calculated from the ratio of peak intensities obtained from experiments performed with
and without 'H presaturation. The 'H frequency was shifted off-resonance in the unsaturated experiments.
'H presaturation was achieved by a train of 120° pulses separated by 5 ms delays and was applied for a total
of 3 s. The recycle time is reasonably long, however NOE values were corrected for incomplete 'H
magnetization recovery as previously described (63).

Relaxation data were analyzed using the Lipari-Szabo model-free approach (48), which assumes that the
overall tumbling of the protein is decoupled from internal motions provided both differ by at least one order
of magnitude. The correlation function for internal motion is given by:

e
Ci(t) = S%+ (1 —52) + el eq. 4

Where $? is a generalized order parameter describing the amplitude of motion of each N-H bond vector and
T is the effective correlation time. Under these assumptions, the spectra density function can be described
as follows:

527, (1-52)r
1+{wt)? 1+(wT)?

Jw) = eq. 5

11,1
where = = —+4 —
Te Te

Apparent rotational correlation times (1.) were obtained from T1/T; ratios, which are independent of 87 and
Te values for amino acids with heteronuclear NOE values > 0.6 and without significant effects on T2 from

chemical exchange (46, 64).

Size-Exclusion Chromategraphy
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ASC3X sample preparation for size exclusion chromatographic analysis was done following previously
described procedures (16).

Dynamic Light Scarttering

Dynamic light scattering (DLS) experiments and ASC3X sample preparation followed previously described
procedures (16).

Transmission Electron Microscopy

ASC3X protein filaments were prepared as previously described (16). Images of ASC3X filaments were
obtained using a Talos F200C G2 Transmission Electron Microscope equipped with a Field Emission Gun
(X-FEG) at 200 kV. Analysis of ASC3X filaments was performed with Imagel].

Mass Spectrometry

Mass spectrometry experiments on ASC3X were performed as previously indicated (16) with slight
modifications. Briefly, NMR samples of *N-labeled ASC3X at ~ 700 uM were injected in an electrospray
ionization mass spectrometer (Q-Exactive Hybrid Quadrupole-Orbitrap, Thermo). Protein samples were
treated as follows: 1) dilution with a solution containing 95% acetonitrile, 4.9% water, 0.1% formic acid
and injection to reverse phase column (Acclaim 200 C18, 3pum, Thermo operating at a flowrate of 0.3
ml/min) and subsequent mass spectrometer analysis; 2) dilution with 50% acetonitrile and direct injection
to mass spectrometer. The spectra were analyzed as previously described (16).

Molecular Docking

The program HADDOCK (55) was used for molecular docking calculations. The ASC3X dimer model was
built based on the modelled structure with Chimera (40) selecting as active residues those involved in Death
Domain type I interactions (helices H1 and H4 in the CARD of one protomer, and helices H2 and H3 in the
CARD of the other protomer) (57). Subsequent addition of ASC3X molecules was performed in a similar
manner until the formation of the ASC3X 5-member oligomer. In all HADDOCK runs the N- and C-termini
were considered charged and the 69-amino acid linker was set to be fully flexible. Each HADDOCK run
started with 1,000 structures; out of which 200 were considered for refinement. The solvent used for each
iteration was water. Structures were chosen based on best the HADDOCK score. ChimeraX was used to
analyze ASC3X dimer and pentamer structures (63).

Supporting information

This article contains supporting information.
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Table S1: 5N, THy, 13Cq, and *C Chemical Shifts of ASC3X

Residue “N(ppm)  “NH(ppm) "Cu(ppm) "Cj (ppm)

M1 120.962 8.347 55.611 33.032
G2 110.982 8.609 45.532 -
R3 120.226 8.290 57.309 30.771
A4 123.951 8.632 55.461 18.398
RS 117.246 8.531 60.138 29.713
D6 117.294 7.713 56.837 39.644
A7 122.635 7.695 54.987 18.751
18 120.631 8.125 66.243 38.811
Lo 119.737 7.945 57.758 41.657
D10 115.688 7.991 56.275 39.248
All 120.081 7.387 54.795 18.131
L12 114.735 8.266 57.695 41.28
E13 116.465 8.802 57.279 28.1
N14 116.130 7312 53.501 39.864
L15 119.411 6.912 54.453 41.265
T16 113.064 8.223 60.96 70.61
Al7 123.426 8.929 55.836 17.858
E18 117.576 8.587 59.13 29.032
E19 119.474 7.680 58.441 29.931
120 121.935 9.055 57.908 40.63
K21 118.623 7.528 60.168 32231
K22 118.617 7.602 59.792 32.638
F23 122.143 8.796 61.461 39.533
K24 117.308 8.081 60.555 33.355
L25 115.859 71715 57.813 41.314
K26 120.631 8.125 57.915 31.981
L27 120.799 7913 57.279 41.233
128 116.130 7312 56.09 41.748
529 111.009 7.455 57.997 65.397
V30 124.079 7.846 - -
132 122.652 8.235 52.693 46.18
R33 121.688 7.602 56.458 31.631
E34 122.240 8.479 57.778 28.662
G35 111.494 8.700 44.774 -
Y36 118.080 7.428 58.124 40.744
G37 108.980 8.970 43.581 -
R38 118.392 8.482 53.835 31.468
139 128.499 8.217 - -
R41 124.498 8.370 60.083 30.665
G42 104.805 8.777 46.747 -
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Ad3
L44
L45
S46
M47
D48
A49
L50
D51
L52
T53
D34
K55
156
V57
S58
F59
Y60
L61
E62
T63
Y64
G65
A66
E67
L68
T69
AT0
N71
V72
L73
R74
D75
M76
G77
178
Q79
E30
Ms1
A82
G83
Q84
L85
Q86
A87

121.883
117.047
116.164
112.031
120.099
121.942
118.611
121.570
118.608
120.694
117.975
118.176
122.730
120.629
115.229
116.728
119.967
115.753
111.977
116.097
112.202
122.682
106.772
124.224
121.039
120.893
114.434
122,167
117.519
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7.189
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8.282
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53.547
57.204
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51.104
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56.947
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60.708
57.86
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18.329
41.41
39.432
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39.103
31.517
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31322
63.643
39.028
39.048
40.63
29.816
67.716
35.965

18.373
29.415
42.033
67.831
17.936
37.745
30.961
41.224
29.419
39.679
35.047

38.855
28.071
27.695
33.496
19.3
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Al197

119.258
105.292
119.206
120.939
110.387
121.248
125.772
129.973
115.825
117.746
119.783
110.626
121.561
118.502
121.133
116.766
118.239
115.195
112.040
121.068
116.174
119.632
118.967
119.203
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116.130
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121.688
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119.760
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8.205
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7.947
7.842
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53.869
61.804
55.843
55.976
45.138
54.218
58.698
60.526
64.527
56.303
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53.119
60.391
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54.473
57.571
65.81
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64.634
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58.291
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41.814
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17.803
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20.213
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37.036
31.653
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37.713

33.76
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39.392
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Figure §2. ASC3X monomer and dimer detected by mass spectrometry. Mass spectra of “N-labeled
ASC3X in the presence (A) and absence (B) of reverse phase chromatography immediately prior to injection
in the mass spectrometer. Spectra were obtained several months after the start of oligomerization.
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ASC:

MGSSHHHHHH
10
MGRARDATILD

0
LETYGAELTA

130
ALTIARVTNVE

190
LRESQSYLVE
ASCb:

MGS SHHHHHH

10
MGRARDATILD

70
LETYGAELTA

130
VLTDEQYQAV

ASC3X:

MGSSHHHHHH
10
MGRARDATILD

0
LETYGAELTA

130
AGIQAPPQSA

190
ALYGKVLTDE

Figure S1. Amino acid sequence of ASC, ASCh and ASC3X. One-letter code amino acid sequence of
Sull-length ASC, ASCh and ASC3X with residue numbering system. The His-tag and connecting linker to

SSGLVPRGSH
20
ALENLTAEEL

80
NVLRDMGLQE

140
WLLDALYGKVY

DLERS

SSGLVPRGSH

20
ATLENLTAEEL

80
NVLRDMGLOE

140
RAEPTNPSKHM

SSGLVPRGSH
20
ALENLTAEEL

80
NVLRDMGLOQE

140
AKPGLHQGSG

200
OYQAVRAEPT

30
KKFKLELLSY

20
MAGOLORATH

150
LTDEQYQAVR

20
KKFKLKLLSV

90
MAGOLOAATH

150
RKLESETPAW

20
KKFKLELLSY

o0
MAGQLOAATH

150
AAPAGIQAPP

210
NP SKMRKLFS

10
PLREGYGRIP

100
QGSGAAPAGT

160
AEPTNPSEMR

10
PLREGYGRIP

100
QGLHFIDOHR

160
NWTCKDLLLY

10
PLREGYGRIP

100
QGSGAAPAGI

160
QSAAKPGLHE

220
FTPAWNWTCR

50
RGALLSMDAL

110
QAPPQSAAKP

170
KLFSFTPAWN

50
RGALLSMDAT

110
AALIARVTNY

170
ALRESQSYLV

50
RGALLSMDAL

110
QAPPQSAAKP

170
IDQHRAALIA

230
DLLLQATRES

the native sequences is shown in red. Isoform linker is show in bold.
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DLTDKLVSFEY

120
GLHTTDOHRA

180
WICKDLLLOA

60
DLTDKLVSFEFY

120
EWLLDALYGK

EDLERS

50
DLTDKLVSFEY

120
GLHQGSGAAP

180
RVINVEWLLD

240
QSYLVEDLER



7. Discussion

Regulation and formation of the inflammasome complex depends on the inclusion
of the inflammatory adaptor ASC to the inflammasome complex. ASC plays a pivotal role
in cellular death. The discovery of multiple isoforms of ASC (ASCh, ASCc, and ASCd) in
macrophages further exemplifies its role in regulating pyroptosis. Each isoform has been
shown to be expressed biologically depending on the cell type and serve to either lower
inflammatory activity or inhibit inflammasome activation. Specifically, the biological
activity of ASC relies on three integral parts: PYD domain, CARD domain, and linker
length. As previously reported changes in either the domains or linker length have a
significant effect on inflammasome activity. The studies presented above focused on
establishing key differences between ASC and its isoform ASCDb, in addition to, the effects
of the linker on the dynamics between the PYD and CARD domain. The naturally
occurring isoform, ASCb, and the engineered isoform, ASC3X, provide an ideal
experimental design at two different extremes.

As shown by NMR, modulation in linker length does not alter the overall secondary
structures the PYD and CARD domain. At a linker length of 3 aa (ASCb) and 23 aa (ASC)
both domains remain intact and retain biological activity being able to complex with the
PYD of NLRP3 and the CARD of procaspae-1 (18, 155). Similarly, at 69 aa (ASC3X) both
domains also retain their secondary structure. As demonstrated by RT-NMR changes in
linker length directly influence the self-association rate of each protein. At longer linker
lengths > 23 amino acids the self-associating rate occurs in two kinetic phases, an initial
fast phase, proceeded by a slower kinetic phase. While at smaller linker lengths self-
association occurs as one slow kinetic phase or two identical slow phases. Analysis of the
PYD and CARD domain at the amino acid level reveal equal participation of the PYD and
CARD in ASCb self-association. At longer linker lengths the data suggests one domain
predominantly drives the self-association process. At 23 aa acids the PYD-PYD interaction
drives the self-association of ASC allowing it to produce the prototypical ASC speck. At
69 aa acids the CARD-CARD interaction drives the self-association process and forms a
stable oligomer in solution.

Unexpectedly, as suggested by the RT-NMR data at longer linker lengths (ASC3X)
the CARD-CARD interaction is the primary driver in self-associating behavior. The
unusual loss of signal intensity for CARD residues suggests the formation of an stable
CARD oligomer with non-interacting PYD domains as noted by the residual loss of signal
intensity seen for PYD residues. Inexplicably, a CARD driven oligomer as a result of a
longer linker does not allow for further PYD-PYD interactions; furthermore, the presence
of a longer linker does not seem to increase the flexibility and thus, the interaction volume
of each domain. Rather the added length seemingly acts as a deterrent for further PYD-
PYD interactions reducing the overall effectiveness of its self-association properties. In
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direct contrast, at significantly shorter lengths, ASCb, both the PYD and CARD domain
drive the self-association process simultaneously resulting in a slower rate of self-
association. Notably, at an intermediate linker length, ASC self-association is primarily
driven by the PYD domain followed by the CARD-CARD interaction. The intermediate
linker confers enough flexibility allowing both domains to interact through homotypic
interactions. As evidenced by DLS studies of ASC, ASCh, ASC3X, indicate that at either
extreme both ASCb and ASC3X lose the ability to form compact structures.

SEC studies monitoring the effects of pH, time, and concentration further enhance
the self-association capabilities of each protein. Curiously, SEC studies of ASC3X appear
to show the presence of a long-lived dimer indicating the presence of a stable dimer and
monomer in solution. However, under similar conditions this phenomenon was not
observed in both ASC and ASCh. Both ASC and ASC3X follow a similar trend, at longer
linker lengths the self-association ability of each protein is enhanced readily producing an
oligomer > 600 kDa in size. At a linker length of 3 aa ASCb retains a monomeric population
after 2 days and at higher pH’s compared to ASC and ASC3X. Despite differences in linker
length, at neutral pH ASC, ASCb, and ASC3X assemble into similarly sized filaments.

Further insight into the interdomain dynamics using NMR relaxation reveal an
already optimized linker length suited for inflammasome regulation. As previously stated,
changes in linker length did not affect the overall structure of the PYD and CARD domain
as indicated by [*H-"N] NOE values. Furthermore, the linker region remains disordered
and highly flexible even at a significantly increased length. From the data, it is evident a
reduced distance between both domains, as seen with ASCb, causes them to tumble
together as a rod rather than two separate entities, resulting in a protein mimicking the
behavior of a larger protein. The lack of a sufficiently long linker and interdomain
flexibility between the two domains interferes with the capabilities of each domain to
participate in homotypic interactions resulting in different behavior and biological function
compared to ASC; increasing the distance between the two domains at longer linker lengths
(69 aa) also produced behavior different from ASC. Surprisingly, the presence of a 69 aa
linker did not produce a substantial change in both T1 and T2 values suggesting an upper
limit to the effects of linker length on interdomain dynamics. Further increases would result
in similar values as the linker would still provide sufficient drag to each domain. The
flexibility afforded to each domain offers diminished returns at longer lengths and is
comparable to that of ASC.

The results obtained from these studies demonstrate the importance of linker length
on biological function. Changes in linker length have a dramatic effect on the inherent
capabilities of the inflammasome adaptor ASC. ASCb and ASC3X fail to produce uniform
structures in vitro instead forming different sized populations in solution. It is known ASCb
produces a lower inflammatory response compared to ASC and that both ASC and ASCh
can colocalize in the cell producing irregular sized filaments presumably affecting
inflammasome complexation. Further studies monitoring the rate of formation of ASC and
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ASCDb colocalization are needed to determine the rate of formation as well as the specific
type of macrostructures formed in solution. Secondly, RT-NMR experiments on the
ASCPYP and ASCARP are needed in determining the inherent rate of self-association for
each domain. Determination of the rate for each domain will allow for a comparison to the
PYD and CARD domain of ASC at longer linker lengths. Lastly, in vitro experiments
monitoring the activity of ASC, ASCb, and ASC3X to the activation of procaspase-1 are
necessary to further correlate linker length to biological function.
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