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Significance 

Animals respond to injury, 
infection, or toxic materials via a 
process called inflammation. At 
the molecular level, inflammation 
involves formation of large 
machines—inflammasomes— 
that are instrumental in 
triggering cascades that lead to 
an immune response. Although 
structural studies of canonical 
inflammasomes have emerged, 
much less is known about the 
structures of non-canonical 
inflammasomes. Using solution 
NMR spectroscopy in concert 
with other biophysical 
approaches, we show that 
non-canonical inflammasomes 
are highly dynamic and 
structurally heterogeneous, and 
we characterize the different 
sized inflammasome particles 
that are formed in terms of their 
composition. We also show that 
once formed, non-canonical 
inflammasomes are primed to 
rapidly cleave substrate 
molecules, necessary for 
propagating the immune 
response. 

Inflammasomes are high- molecular- weight complexes that play integral roles in the 
innate immune system, triggering an inflammatory cascade to protect against cellular 
stresses such as pathogenic bacteria. Both canonical and non- canonical inflammas-
omes have been described in the literature and detailed structural studies of many 
components of the more complex and larger canonical versions have been reported. 
In contrast, corresponding structures of the non- canonical inflammasome have not 
emerged even though it consists of only two components: lipopolysaccharide (LPS) 
from Gram-negativ e bacteria and one of caspase-4 or caspase -5 in humans or caspase -11   
in mice. Here, we determine the stoichiometry of the non-canonical inflammasome  
showing that it is heterogeneous, comprised of three major complexes with different 
numbers of LPS and caspase molecules. NMR spectroscopy studies of the N-ter minal 
caspase activation and recruitment domain (CARD) of caspase-11,  which binds LPS, 
establish that it is largely unstructured in the absence of lipid, with pervasive dynamics 
on the µs-ms timescale. F ormation of this complex increases the α-helical content of  
the CARD, but the dynamics persist, multiple conformers are formed, and tertiary 
contacts are transient. The NMR results presented establish that the protease domain 
of caspase-11 is monomer ic in isolation. As proteolysis is linked with dimerization, the 
protease domains are inactive in this state, but upon formation of the non-canonical  
inflammasome, dimerization occurs, priming the complex for rapid processing of sub-
strates. Our study highlights the utility of NMR for studies of heterogeneous systems 
that are recalcitrant to crystallographic or cryo-EM analyses.  

pyroptosis | non-canonical inflammasome | caspase-11 | NMR spectroscopy |  
effective concentration 

 Programmed cell death (PCD) pathways are essential for the development and survival 
of multicellular eukaryotes (1). Numerous forms of PCD have been discovered, with each 
having a unique trigger and function within the host. Apoptosis is a highly regulated form 
of PCD that is inherent to every cell within an organism and can be initiated upon cellular  
stresses. These include intrinsic cellular insults, such as irreparable DNA damage, triggering  
apoptosis through the formation of large protein complexes, called apoptosomes, which 
activate caspase-9 (Casp9) proteases via a proximity effect on the apoptosome surface. 
Detailed cryo-EM studies have produced high-resolution images of the apoptosome scaf­
fold (2–4), while solution NMR studies have added to these results by focusing on the 
protease domains of Casp9 in the context of the apoptosome, as these are not visible in 
structures of the complex (5). 

 An analogous PCD pathway, known as pyroptosis, is utilized exclusively by innate  
immune cells to trigger an inflammatory response in the host (SI A ppendix, Fig.  S1). This  
cascade is initiated during an infection when evolutionarily conserved microbial compo­
nents, known as pathogen-associated molecular patterns (PAMPs), are detected by host  
immune cells either extra- or intracellularly via interaction with a diverse class of proteins  
called pattern recognition receptors (PRRs) (6). A subset of these PRRs, called canonical  
inflammasomes, is responsible for the formation of megadalton-sized complexes in response  
to PAMPs (7, 8). These large, multicomponent machines form filamentous structures that  
bind and activate Casp1, which can then cleave pro-inflammatory cytokines, such as  
pro–interleukin-1β (pro-IL-1β) and pro–IL-18 (9–11). Additionally, the pore-forming  
protein gasdermin D (GSDMD) is also activated during this process (12–15). It embeds  
in cell membranes to enable the escape of mature interleukins to the extracellular matrix  
(16–18) where they can bind to surface receptors on neighboring cells, propagating the  
inflammatory response. As with the apoptosome, detailed X-ray and cryo-EM studies have  D
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provided insights into the molecular architectures of the different  
variants of canonical inflammasomes (19–24). 

The inflammator y cascade can also proceed through the forma­
tion of simpler structures, termed non-canonical inflammasomes 
(25, 26) (SI A ppendix, Fig. S1 ). These are formed through the 
direct association of Casp4 or Casp5 in humans or Casp11 in 
mice with cytosolic lipopolysaccharide (LPS), initiating pyroptotic  
cell death (27–31). LPS, considered the prototypical PAMP, is a 
major component of the outer membrane of Gram-negative 

bacteria, and is composed of Lipid A, the core sugars, and the 
O-antigen (SI A ppendix, Fig. S1 ). While the core sugars and 
O-antigen have significant variability among species, the Lipid A 
moiety remains highly conserved, providing an ideal “pattern” to 
target (32). Mouse Casp11 (Uniprot: P70343, referred to as 
Casp11 in what follows) consists of 373-residues and contains 
two functional domains connected via a long, disordered linker 
(Fig. 1  A, Top). The N -terminal caspase activation and recruitment  
domain (CARD; residues 1 to 80) is responsible for interacting 

A B 

C 

D 

Fig. 1.     (A, Top) Domain organization of mouse caspase-11  (Casp11) with residue numbers at the start and end of the folded domains. The catalytic cysteine 
(Cys 254; green sphere) and an autocleavage site in the p20-p10  linker (Asp 285; red dotted line) are illustrated. (Bottom) Activation of the non- canonical 
inflammasome is accompanied by dimerization and subsequent autocleavage at Asp 285 (35–37). The dimerization status of the Casp11 PDs in the context of 
the non- canonical inflammasome is the subject of the current study. (B, Left) 2D 1H- 15N HSQC spectrum of U- 13C,15N Casp11 CARD recorded at 14.1 T (600 MHz,  
1H frequency) and −5 °C. Assignments of some resonances are indicated (see SI  Appendix, Fig.  S1A  for complete annotations). (i, Top Right) 1D 15N- edited  
1H spectra of U- 13C,15N Casp11 CARD recorded at either 25 °C (red trace), 5 °C (gray trace), or −5 °C (blue trace) at 11.7 T (500 MHz, 1H frequency). Measurements 
at 35 °C yielded spectra of similar quality to those acquired at 25 °C, with signal intensity decreasing at higher temperatures due to increased solvent exchange 
rates associated with this largely unfolded domain. (ii, Bottom Right) 1D 1H- detected 15N CPMG- based spectra of U- 15N Casp11 CARD recorded at low (33 Hz; 
blue- filled) and high (1 kHz; pink- filled) νCPMG  values, 18.8 T (800 MHz, 1H frequency) and −5 °C. (C) 1D 13C-edited  1H spectra of U-13 C,15N Casp11 CARD, focused on 
the methyl region, and recorded as a function of temperature (Left); the methyl-containing  region of the 2D 1H-13 C HSQC spectrum recorded at −5 °C is shown 
on the Right. Data acquired at 18.8 T (800 MHz, 1H frequency). (D, Top) Normalized intensity values of each residue from a 3D HNCO experiment. “P” = proline 
and “*” indicates significant overlap that prevents accurate quantification. (Bottom) Secondary structure population estimates based on the CheSPI program 
(38), identifying regions with significant  helical/turn propensities. A cartoon highlighting the highly dynamic nature of the Casp11 CARD is illustrated on the 
Right. Regions with a helix+turn population >40% (arbitrarily chosen), are annotated with dotted circles, highlighting the interconversion between unfolded (gray 
line) and helical/turn (red/green cylinders) segments. 
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with the Lipid A moiety of LPS (30, 33), while the C-terminal 
protease domain (PD, residues 102 to 373) exhibits peptidase 
activity via a catalytic cysteine residue (Cys 254) (30, 34). The PD  
can be further subdivided into p20 (residues 102 to 256) and p10 
(residues 292 to 373) domains, which are connected via another 
disordered linker that contains an autocleavage site (Asp 285) 
(35–37).  Like  other  initiator  or  inflammatory  caspases,  the  Casp11  
PD is a monomer in its resting state with dimerization required 
for proteolytic activity. Whether the effective concentration of 
Casp11 in the non-canonical inflammasome is sufficient to sup­
port dimerization of PDs or whether dimerization is triggered 
through substrate binding, as for Casp9 (5), has yet to be estab­
lished (Fig. 1  A, Bottom). 

Although a dir ect interaction between the Casp11 CARD and  
LPS was established over a decade ago (30), and shown to lead to  
proteolytic upregulation, structures of the intact non-canonical  
complex have not emerged. X-ray and AlphaFold models of the  
isolated CARD indicate a predominant helical bundle structure  
(39–41), but recent circular dichroism (CD) and hydrogen–deute­
rium exchange mass spectrometry (HDX-MS) studies challenge the  
validity of these models, finding instead that the CARD is disor­
dered and undergoes a structural transition upon interacting with  
LPS (42). Whether this structural transition results in stabilization  
of tertiary contacts, and if so whether these interactions reflect those  
seen in the X-ray/AlphaFold structures, is still unknown. Further­
more, the overall quaternary structure of the non-canonical inflam­
masome is contentious, with two models being proposed. In one  
case, it has been postulated that the CARD embeds directly into  
LPS micelles (43) at areas of positive membrane curvature without  
changes to the micellar structure (44). Alternatively, other studies  
suggest that the CARD disaggregates LPS micelles into smaller  
complexes, although the exact oligomeric state and CARD : LPS  
stoichiometry in this case remains unclear (33, 42). Finally, while  
high-resolution structures of the Casp11 PD have been solved by  
X-ray methods (45), the PD dimerization affinity is not known,  
and as mentioned above, the oligomeric state of the PDs upon  
formation of the non-canonical inflammasome complex remains  
to be established. 

 Herein, using solution state NMR spectroscopy, we demonstrate  
that although the Casp11 CARD exists in a largely disordered state  
prior to LPS binding, specific regions of the domain form transient  
secondary structure and intramolecular contacts on the µs-ms times­
cale. Upon binding LPS, the helical content of the CARD domain  
increases, yet it remains highly dynamic, with sidechains adopting  
numerous conformations, reminiscent of a molten globule.  
Characterization of the oligomerization state of the non-canonical  
inflammasome complex via size-exclusion chromatography coupled  
to ultraviolet, refractive index, and light scattering (SEC-UV-RI-LS)  
detectors reveals that under our experimental conditions, three dis­
tinct complexes consisting of approximately four, six, and eight  
Casp11 molecules are formed. NMR studies quantifying the effec­
tive concentration of PDs in non-canonical inflammasomes indicate  
that the Casp11 PDs readily dimerize in this environment, priming  
the complex for rapid processing of its substrates. Together, these  
results highlight the dynamic and heterogeneous nature of the  
non-canonical inflammasome. 

Results 

The Casp11 CARD Is Highly Dynamic. NMR spectroscopy is a 
powerful technique for identifying short-liv ed interactions and 
the presence of residual structure in dynamic systems (46, 47). 
In order to establish whether the CARD adopts a four-helix  
bundle in solution, as suggested by earlier X-ray studies ( 39), 

we recorded a 1H- 15N heteronuclear single quantum correlation 
(HSQC) spectrum of a uniformly 13C,15N (U- 13C,15N) labeled 
Casp11 CARD (residues 2 to 82) at 25 °C and pH 6. The resulting  
spectrum was of poor quality and contained noticeably fewer 
than the expected number of peaks, with the majority being low 
intensity and broadened. While increasing the temperature or the 
pH (from 6 to 7.4) did not improve spectral quality, decreasing 
the temperature to −5 °C led to a considerable increase in both 
the number of peaks and their intensities (Fig. 1 B and B, i). The 
poor dispersion in the amide proton dimension of the HSQC 
(Fig. 1B) is a telltale sign that the CARD is (largely) unfolded. 
Additional evidence is obtained from 1D steady state 15N{1H} 
Nuclear Overhauser Effect (NOE) experiments that are sensitive 
to rapid picosecond- nanosecond (ps- ns) timescale dynamics (48).  
Average 15N{1H} NOE values based on 1D spectra recorded on 
CARD samples in buffer and in the presence of denaturing 
amounts of urea (6 M), −5 °C, were identical, 0.52, supporting 
the notion of a largely unstructured CARD ensemble in buffer 
(SI Appendix, Fig. S2A). 

 For a well-structured protein, decreases in temperature often 
lead to a deterioration of NMR spectral quality as the overall 
tumbling of the molecule becomes slower as the temperature is 
lowered. Spectra of the CARD domain, however, show the oppo­
site effect. This suggests that at 25 °C, where very poor-quality 
amide correlation spectra are recorded, there is pervasive confor­
mational heterogeneity on the microsecond-millisecond (µs-ms) 
timescale that leads to the deterioration in spectral quality. 
Conformational exchange was established over the complete tem­
perature range examined, from 25 °C to −5 °C by recording a 
series of 1D 15N-based Carr-Purcell-Meiboom-Gill (CPMG) 
experiments (49). In Fig. 1  B, ii a pair of 1D CPMG spectra 
recorded at −5 °C is illustrated, showing an increase in peak inten­
sities as a function of pulsing rate, νCPMG, due to r efocusing the 
effects of exchange. Additional experiments, recorded as 
pseudo-3D datasets at a pair of static magnetic fields (18.8 T and 
11.7 T, −5 °C) enabled a more quantitative, residue-specific anal­
ysis using a two-site model for chemical exchange where intercon­
version occurs between a minor (invisible) conformer and a major  
state, the latter giving rise to crosspeaks in spectra. Extracted values  
for the population of the minor state, pB, and the rate of ex  change 
between the pair of states, k ex , v  aried between 1 to 5% and 200 
to 700 s−1 , respectively, (SI A ppendix, Fig.  S2B). Notably, the data 
could not be fit globally (i.e., all residues simultaneously), sug­
gesting that the conformational heterogeneity derives from a set 
of noncooperative interactions between different regions of the 
protein. The 15N-edited 1D spectra in Fig. 1  B, i, which show 
improved spectral quality with decreasing temperature, are con­
sistent with decreases in pB or kex    or both from 25 °C to −5 °C. 
Unsurprisingly, motions in the µs-ms window were significantly 
reduced upon addition of 6 M urea, as the CPMG dispersion 
profiles became flat (SI A ppendix, Fig. S2 B).

 1H-13 C HSQC spectra of the isolated U-13C,15 N CARD were 
also recorded (Fig. 1 C), mirroring the peak intensity vs. temper­
ature dependence observed for the amide data. As with the 1H-15N 
HSQC, the corresponding 13C spectr um was poorly dispersed 
(Fig. 1 C focusing on the methyl correlations, right), again con­
sistent with an unfolded polypeptide chain. 

H aving identified conditions where reasonable quality spectra  
could be recorded (−5 °C), we sought to obtain assignments for the  
isolated CARD so that residue-specific structural dynamic insights  
could be obtained. Here, we used a two-stage process. First, analysis  
of data from a suite of triple-resonance experiments (50, 51) resulted  
in assignments for ~90% of the residues [87% (68/78) NH, 91%  
(74/81) CO, 94% (76/81) CA and 86% (67/78) CB], limited by  
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spectral quality due to conformational heterogeneity even at −5 °C.  
Second, a sample of U-13C,15N CARD was pr epared in 6 M urea,  
−5 °C and pH 6, and a complete set of assignments obtained as the  
resonances were no longer broadened (SI A ppendix, Fig.  S3A). Using  
a series of HNCO spectra (52), recorded on samples with progres­
sively less urea, assignments were then transferred from denaturing  
to native conditions (SI A ppendix, Fig.  S3B), so that near complete  
assignments could be obtained [SI A ppendix, Fig.  S3 C and D; 99%  
(77/78) NH, 99% (80/81) CO, 100% (81/81) CA and 90%  
(70/78) CB]. 

W ith assignments of the isolated Casp11 CARD available, the 
chemical shifts were then analyzed using the CheSPI program 
(38), to obtain residue specific populations of secondary structural  
elements. Notably, residues E24-F45 and A60-K63, from which 
the lowest intensity crosspeaks in 1H-15N spectra ar e derived 
(Fig. 1  D, Top ), are predicted to have helix+turn populations 
exceeding 40% (Fig.  1 D, Bottom ). The reduced peak intensities 
in this region are likely attributed to exchange between these con­
formations and unfolded populations (on a variety of timescales, 
including those outside of the CPMG window), leading to signif­
icant peak broadening. 

 The fraction of helix and turn in the CARD can also be estab­
lished using CD spectroscopy, where α-helical and turn popula­
tions of 25% and 15%, respectively (SI A ppendix, Fig. S4 , 
blue-trace), are quantified, consistent with our NMR results. The 
α-helical content obtained is in agreement with a recent study 
using CD where the percent α-helix was estimated to be 16% 
(42). Taken together, our results establish that the Casp11 CARD 
is highly dynamic, exchanging between unfolded and partially 
helical/turn elements of secondary structure (depicted by the car­
toon illustration in Fig.  1D), with a large region of the protein 
interconverting between conformers on the μs-ms timescale. 

The Non-Canonical  Inflammasome Is Highly Heterogeneous.  
Prior to establishing whether the conformational heterogeneity of  
CARD in buffer persists when bound with LPS, we first prepared   
CARD : LPS complexes and determined the binding stoichiometry  
under in-vitr o conditions favoring LPS micelle disaggregation (33).  
We chose to incubate the Casp11 CARD with threefold molar 
excess  of Kdo2- Lipid A (KLA), a truncated form of LPS that lacks the  
O- antigen and most of the core sugars (32, 53). KLA is significantly  
less heterogeneous than LPS and thus more favorable for biophysical  
studies, and previous reports indicate similar levels of activation of  
Casp11 with both KLA and LPS (30). As described below (Changes  
in KLA Concentration Affect the Size Distribution of Non-canonical   
Inflammasomes), particles with sizes on the order of 100 Å to 200 Å in  
diameter were formed.Sample stoichiometry was established by the  
three detector SEC- UV- RI- LS method (54), whereby it was possible  
to extract both the total molecular mass of the complex, as well as the  
masses of the individual components within each complex. As the  
monomeric molecular masses of each of the components are known,  
it becomes possible to determine the stoichiometries of lipid and  
protein. Surprisingly, the resulting profile showed the presence of three  
different species, referred to as complexes I, II, and III, with the values  
of m and n for each of the three m CARD : n KLA complexes listed  
in the insert to Fig. 2A (n:m ratios of 1.9, 2.6, and 3.7 for complexes  
I, II, and III, respectively). Notably, both m and n increase as the size  
of the complex grows, with the ratio of KLA to CARD molecules  
increasing as the overall molecular weight gets larger. 

 Attempts to perform similar experiments using inactive 
(C254A), full-length (FL) Casp11 were challenged by the forma­
tion of minor amounts of soluble aggregates complicating analysis,  
and difficulties with resolving peaks II and III to enable quanti­
tative determination of masses, as these peaks are less well sepa­
rated than for the CARD : KLA complexes. This problem is 

A B 

Fig. 2.     (A) SEC-UV -RI -LS  data of Casp11 CARD in the presence of threefold molar excess KLA. A schematic diagram for the stoichiometry of the non- canonical 
inflammasome scaffold under our in- vitro  conditions is illustrated (Top), with each complex consisting of m  CARD protomers and n  KLA molecules. A 
representative replicate of the SEC- MALS experiment is shown (Bottom). The UV- trace (gray; y-axis  not shown) indicates that three unique complexes can be 
separated (annotated as I, II, and III). Dotted black lines indicate positions where molecular weights were quantified to minimize contributions from adjacent 
peaks due to limited resolution. Using the “three-detector”  method (SI Appendix, Text)  (54), the molecular weight of the complex (green), Casp11 CARD (red), and 
KLA (blue)  can be elucidated. Errors from the uncertainty in the refractive index increment value of KLA are illustrated as lighter- shade bars for the complex 
and KLA values. Casp11 CARD and KLA stoichiometries are tabulated (Right), with errors calculated using two experimental replicates. (B) 2D 1H-13 C ddHMQC 
spectrum of U-2 H, MLV-labeled  Casp11 CARD prepared without (blue contours) or with threefold molar excess KLA (red contours). 1D 13C-edited  MQ CPMG 
spectra recorded at either low (83 Hz; red-filled)  or high νCPMG  (2 kHz; yellow-filled)  values are illustrated in the Bottom-Left  Inset. Data were recorded at 18.8 
T (800 MHz, 1H frequency), 25 °C. In the presence of KLA, the Casp11 CARD adopts a “molten globule” state (55), with a cartoon depicting stable secondary 
structure (see ref. 42  and SI Appendix, Fig. S4  for CD data) and dynamic tertiary structure illustrated in the Top-Right  Inset. Notably, the differences in the –KLA 
spectrum (blue) and the spectrum of Fig. 1C  reflect the 30 °C temperature change between the measurements and the difference of 1.4 pH units between the 
samples, and the fact that additional methyl resonances are present in the dataset of Fig. 1 as the spectrum was recorded on a U-13 C labeled sample. 
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exacerbated by a “broadening effect” in three detector-based exper­
iments where the peak resolution deteriorates with the transfer of 
solution to successive detectors. Therefore, to ensure that similar 
quantitative results as for the CARD : LPS complexes are obtained  
when a globular domain is attached to the C-terminus of CARD, 
as is the case for the PD of FL Casp11, we initially repeated these 
experiments with CARD-linker constructs fused to either 
Trp-Cage (30 amino acids), GB1 (64 amino acids), or SUMO 
(115 amino acids). The number of protein molecules associated 
with each of complexes I, II, and III was found to be independent 
of whether a globular domain was present or which of the three 
domains listed above was used, although interestingly there were 
some differences in the number of KLA molecules (SI A ppendix, 
Fig. S5  A–D). Having carried out experiments on several different  
hybrid constructs, we next prepared complexes of C254A FL 
Casp11 with threefold molar excess KLA. Notwithstanding the 
difficulties with quantitation for these larger constructs, as dis­
cussed immediately above, it is noteworthy that similar numbers 
of proteins within particles comprising FL Casp11 were found as 
for the hybrid Casp11 molecules, with n:m ratios of 1.7, 2.3, and  
2.6 measured for complexes I, II, and III (SI A ppendix, Fig.  S5 A  
and E). It should be mentioned that the presence of stoichiometric  
heterogeneity within each complex cannot be ruled out so that 
the values reported here are averages. 

H aving established the composition of CARD : KLA complexes,  
we next recorded NMR spectra to assess whether the structure of  
CARD becomes stabilized in a lipid environment. Previous CD  
studies of CARD in the presence of KLA demonstrated a secondary  
structure transition upon interaction with LPS, resulting in a dou­
bling of the amount of alpha-helicity to ~50% (42), and we repli­
cated  these findings here (SI A ppendix, Fig. S4 , red-trace). As the  
molecular weight of the CARD : KLA complex is considerably larger  
than CARD alone, we choose to work with a highly deuterated pro­
tein for NMR studies, with protonation restricted i) to only one of  
the two pro-chiral methyl groups of Leu and Val, labeled as 13CH3 
(56), and ii) to Met residues with 13 C labeling only at the methyl  
position (57) (referred to in what follows as U-2H, MLV-labeling).  
Interestingly, we observed that the U-2H, MLV-labeled Casp11  
CARD preferentially formed complex I, so that a monodisperse sam­
ple could be studied. 1H-13C delayed-decoupled heteronuclear mul­
tiple quantum coherence (ddHMQC)  spectra  (58) were recorded  
for both the isolated CARD as well as the CARD : KLA complex  
over a temperature range extending from 25 °C to −5 °C, pH 7.4  
(Fig. 2 B, recorded at 25 °C). Although the spectral dispersion in  
the 1H-13 C datasets improved in the presence of KLA (compare red  
vs. blue peaks) there remained significant peak broadening over all  
temperatures examined, and a noticeable increase in numbers of  
peaks from what was expected. Peak duplication is particularly  
apparent for Met residues where at least four resonances arise from  
the two methionines in the Casp11 CARD construct that we have  
used. As with the isolated CARD, and apparent from the quality  
of the spectrum, µs-ms timescale conformational dynamics are per­
vasive in the complex. This was confirmed by recording 1D 13C 
edited 13C-1H multiple-quantum (MQ) CPMG spectra (Fig. 2  B, 
 Bottom-Left Inset ) (59), showing an increase in peak intensities across  
much of the spectrum as νCPMG  rates become larger. 

 Taken together, our results establish that although the percent­
age of helical structure is roughly doubled when CARD is mixed 
with KLA, the domain remains conformationally heterogeneous, 
with sidechains exchanging between states on the µs-ms timescale.  
In this context the “structure” can be likened to that of a molten 
globule (55, 60), as depicted in the top-right corner of Fig. 2 B. 
Consistent with these observations, attempts to obtain structural 
data using negative stain EM and cryo-EM were not successful 

due to the heterogeneous and dynamic nature of the complex 
(SI A ppendix, Fig. S6 ). 

Changes in KLA Concentration Affect the Size Distribution of Non- 
Canonical Inflammasomes. Having established three distinct classes  
of particles from preparations of either the isolated CARD domain,  
CARD-T rpCage/GB1/SUMO, or FL Casp11 generated with  
threefold molar excess KLA, we wondered how the size distribution  
of non- canonical inflammasome particles formed with FL Casp11  
would vary with the addition of different amounts of KLA. A previous  
study based on SEC showed that incubation of the Casp4 CARD  
or inactive (C258A) FL Casp4 with increasing amounts of LPS  
resulted in particles that increased in size with the amount of lipid  
added (33). However, under the conditions of these experiments the  
non- canonical inflammasomes eluted as only a single, broad peak,  
so that information on the individual complexes was not available.  
To establish whether the increased size reflected changes in relative  
amounts of each complex (I, II, and III) that we had observed in  
our studies, we incubated the C254A FL Casp11 with 0- to 5- fold  
molar equivalents of KLA and quantified the particle distributions  
using SEC (Fig. 3 A, Top). Under our conditions, individual profiles  
of the three complexes could be resolved by deconvolution so that  
the amount of each component could be quantified as a function  
of KLA. In the absence of KLA, C254A FL Casp11 eluted from  
the SEC column as a monomer with notable peak tailing likely  
due to nonspecific interactions of the CARD with the column  
matrix. Addition of increasing molar equivalents of KLA led to   
i) the formation of non- canonical inflammasome complexes of  
varying sizes, ii) changes in the populations of complexes I- III,  
and iii) a concomitant decrease in the amount of monomer peak  
(Fig. 3 A, Top). Notably, under conditions of threefold or more  
excess KLA what appear to be soluble aggregates also started to form  
(Fig. 3A, gray areas under curve centered around 10.7 mL and 8.8  
mL, marked by “*”). By fitting the resulting SEC traces to a series  
of Gaussians, the fraction of free Casp11 and of each complex could  
be determined at each concentration of KLA (Fig. 3 A, Bottom),  
showing an ordered transformation in the sizes of complexes–from  
small to large. 

T o provide an estimate of the effective size of the non-canonical  
inflammasome and establish whether its structure could be 
described in terms of a simple spherical model we used pulsed 
field  gradient NMR  diffusion  measurements  (61)  of  samples  where  
either the Casp11 CARD (containing three additional Met resi­
dues on the C-terminus to improve signal intensity) or C254A 
FL Casp11PR (PR = pr otease resistant, contains mutations to min­
imize degradation by trace amounts of contaminant proteases; see  
SI  Appendix, Text, Rationale for Casp11 Mutations) was prepared 
with a threefold molar-excess of KLA (Fig.  3B). Although some 
of the mutations in C254A FL Casp11PR  were in the CARD, its 
ability to interact with LPS and form the non-canonical inflam­
masome remained intact, albeit with some changes in the overall 
distribution of complexes formed (SI A ppendix, Fig. S7 ). As sep­
arate NMR resonances are not obtained for complexes I, II, and 
III, the experimental hydrodynamic radii (Rh  ) values are averages 
over all particles in a way that reflects the relative populations of 
each component and their molecular weights, with smaller sized 
complexes contributing more to the resulting NMR signal inten­
sity than their larger counterparts. Diffusion coefficients of 3.5 ± 
0.1 × 10−7 cm2 /s and 7.0 ± 0.1 × 10−7 cm2/s w ere quantified for 
the complexes prepared with FL Casp11PR and CARD, r espec­
tively, corresponding to Rh v  alues of 69 ± 2 Å and 34 ± 1 Å. To 
rationalize this difference, we constructed a simple model whereby  
the non-canonical inflammasome is formed from a central  
CARD : KLA scaffold (purple circle with blue KLA) with PDs D
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A B 

C 

D E 

Fig. 3.     (A, Top) Representative size- exclusion profiles of C254A FL Casp11 (red lines) as a function of increasing amounts of KLA, written as molar equivalents of 
KLA to Casp11. Each peak is fit to either a Gaussian (I: blue, II: orange, III: green) or a skewed-Gaussian  (Free: pink) lineshape. Two additional Gaussian functions, 
along with an additional skewed- Gaussian, are included in the fit to account for contaminants/aggregates (gray, fitted peak centers are annotated by “*” in 
the +3×KLA trace), with the summation of all fitted components represented by a dotted gray line. (Bottom) The fraction of each fitted component (circles) is 
plotted as a function  of KLA ratio, with errors calculated using two replicates; the line connecting experimental points is to guide the eye. (B) Diffusion constant 
measurements for Casp11 CARD (green) and C254A FL Casp11PR  (navy) with threefold molar excess KLA (for each), acquired using methyl-based  pulsed-field  
gradient NMR diffusion experiments (61). Extracted hydrodynamic radii are annotated on cartoon structures of complex II (six Casp11 molecules/particle); the 
measured values are an average of all three complexes. (C) Casp11* PD fraction dimer as a function of concentration using relaxation corrected monomer and 
dimer peak-volumes  measured in a 2D 1H-13 C HSQC spectrum of a U-1 H, IM-labeled  sample. Spectral regions focusing on the M262 monomer–dimer pair are 
illustrated at different concentrations in the insets, with 1D-traces  of box- sums (13C ppm range: 16.75 to 17.05) shown. Fraction dimer values from each residue 
are displayed as filled circles, with error bars derived from SD based on at least two measurements. The Met 184 and Ile 250 circles are shifted slightly to the Left  
or Right, respectively, for illustrative purposes. Curves from each residue were fit independently to a monomer–dimer dissociation model ( M + M ⇌ D  ), with the 
average fit (gray line) and 95%- CI, based on the SD between the three fits (lighter- shading), displayed. The extracted ∗

C11
K 
D

  value is shown along with a cartoon 
depicting the monomer–dimer equilibrium. (D) Fraction dimer of the protease domain in the non- canonical inflammasome complex generated with FL Casp11* 
mixed with threefold molar excess KLA. Also shown is Ceff  of the protease domains (histogram in Top Right; see SI Appendix, Text, Estimating Effective Concentration 
of Casp11* in the Non-canonical  Inflammasome). Analyses were based on the Met 262 monomer–dimer pair (spectrum of 10 μM bulk Casp11* shown in Bottom  
Right). A schematic diagram outlining the non-canonical  inflammasome and protease domain dimerization is illustrated above. (E) Schematic diagram of the 
Casp11 activation mechanism. In brief, pro-Casp11  is monomeric prior to interaction with KLA due to very weak dimerization affinity, pro 

K   . Formation of the 
non-canonical  inflammasome allows pro-Casp11  dimers to form as pro 

K ≈
D   Ceff, enabling proteolytic processing at Asp 285, and generating mature 

D

Casp11 whose 
dimerization affinity is strong, with  mature 

K ≪
D   Ceff. The dimeric, mature Casp11 can readily process GSDMD into its pore-forming,  N-terminal  domain (GSDMD- Nt),

enabling an inflammatory response. 
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(red ovals) projecting outward (Fig. 3 B, top cartoon). Rh values of 
12 Å and 24 Å are estimated for the ~20-residue linker and the 
271-residue PD components of the inflammasome, respectively, 
using formulae relating Rh to the number of r  esidues in unfolded 
and folded proteins (62). Using these Rh v  alues along with the 
experimentally determined Rh   for the scaffold portion (34 Å), an 
effective Rh   for the non-canonical inflammasome of 70 Å is cal­
culated, in excellent agreement with the measured value of 69 Å. 
We have also carried out hydrodynamic studies using light scat­
tering where an effective particle Rh    value of 67 Å is calculated 
(SI A ppendix, Fig.  S8). The agreement between the two approaches  
is excellent, especially given that the light scattering technique 
weights larger complexes more heavily, opposite to NMR. 
Although a good match between experiment and the predicted Rh 
is found using a simple spherical model description for an “aver­
age” particle, this does not rule out the existence of other structural  
arrangements for the non-canonical inflammasome.  

Dimerization of the Casp11 PD Is Triggered by the Formation  
of the Non-Canonical  Inflammasome. Initiator caspases, such  
as Casp9 involved in apoptosis, and inflammatory caspases, such  
as Casp4 and Casp11 that are critical for mounting an immune  
response in humans and mice, respectively, are monomeric  
in their inactive “pro-Casp ” states and become activated only   
upon dimerization of their respective PDs (35, 36, 63). 
Dimerization is also accompanied by autocleavage of an aspartic  
acid residue within the p20- p10 linker (Asp 285 for Casp11)  
to form the mature, active protease (35, 37). To establish the  
dimeric state of the PDs of FL Casp11 in the non- canonical  
inflammasome complex, and, hence, discern if the complex is  
in an active conformation even in the absence of substrates,  
the self- dimerization constant of the isolated PDs as well as  
their effective concentration (Ceff) in the inflammasome particles  
must be known. The dimerization affinity of pro- Casp11 was  
determined by quantifying the relative intensities of well resolved  
crosspeaks for Ile 250 of the monomer and dimer forms in   
1H-13 C HSQC spectra as a function of protein concentration,  
taking into account differences in transverse relaxation rates of  
spins in the monomer and dimer (SI Appendix, Fig. S9A and  
Correcting for Differences in Monomer- Dimer Peak Transverse  
Relaxation Rates and Determination of KD for Casp11* PD and  
Catalytically Active D277A, D285A Casp11 PD). Here, we used a  
U-1 H, Ile 13Cδ1- labeled sample of catalytically active (Cys 254)  
D277A D285A Casp11 PD (residues 92 to 373). The Asp to  
Ala substitutions ensure that cleavage of the linker connecting  
p20- p10 cannot occur so that the protein is always in the pro- 
Casp form. The fraction dimer for all protein concentrations in  
the titration could be well fit to a monomer–dimer dissociation  
model, with a dissociation constant, pro

K , 650
D

 ± 50 μM  of .
 In addition to measuring  pro

K
D     we also wanted to quantify the 

dimerization propensity of the mature form of the isolated PD 
where Asp 285 is cleaved,  K mature

D     . Because we suspected that 
K  mature 
D would be sub- µM, and therefore below the threshold for 

accurate quantification by NMR, we prepared an unlabeled sam­
ple of wild-type Casp11 PD (residues 92 to 373) and performed 
analytical ultracentrifugation sedimentation velocity (SV-AUC) 
experiments at a series of PD concentrations ranging from 0.1 to 
19 μM. The data could be subsequently fit to a monomer–dimer 
dissociation model with a best fit K mature 

D value of 0.66 μM, and
a 68% CI of 0.26 μM ≤ K mature ≤ 8.65 μM

D (SI A ppendix,
Fig. S9 B). Autocleavage of the Casp11 p20-p10 linker, thus, leads  
to a significant increase in the PD dimerization propensity. 

 To estimate Ceff  , we utilized a C254A FL Casp11 construct (cata­
lytically dead, linker intact) that included several mutations to 
resist  contaminant protease cleavage that was limiting otherwise  
(SI  Appendix, Text, Rationale for Mutations). Additionally, an A361V  
mutation was added to increase the dimerization affinity and hence  
the intensities of dimer peaks in NMR studies of the non-canonical  
inflammasome.  This is an important practical consideration as the  
large molecular weights of the complexes (ranging from ~200 kDa  
to ~450 kDa), and the low concentrations of particles used to ensure  
only intra-inflammasome PD interactions (bulk concentration of  
Casp11: 10 µM to 60 µM, concentration of particles ranging   
from ~2 µM to 15 µM), challenged spectral sensitivity. In what  
follows this variant is referred to as Casp11*. As discussed previously  
(5), and further in the SI A ppendix, Text, Estimating Effective  
Concentration of Casp11* in the Non-canonical Inflammasome, Ceff  
can be established once the KD   value for the isolated Casp11* PDs  
(  K C 11∗) is known. K C 11∗     fr series of 1 -13

D D was obtained om a H C
HSQC spectra of the U-1H, Ile 13Cδ1-, Met 13Cε-labeled (IM- 
labeled) Casp11* PD recorded at concentrations ranging from 10  
to 300 μM. Using three well resolved monomer–dimer peak pairs  
(M184, I250, M262) assigned via a combination of mutagenesis  
(64) and magnetization-exchange experiments (64, 65) (SI  Appendix, 
Fig. S10 ), relaxation-corrected peak volumes were used to calculate  
residue-specific fraction dimer values at each concentration that  
were subsequently fit to a monomer–dimer dissociation model,  
yielding K C 11∗

= 170
D

 ± 20 μM (Fig. 3 C).
 To measure Ceff   we produced non-canonical inflammasomes 

comprised of U-1H, IM-labeled FL Casp11* with threefold molar  
excess of KLA. Three samples with bulk concentrations of FL 
Casp11* of 10 µM, 25 µM, and 60 µM were generated, and the 
fraction dimer was measured in a similar fashion as for the isolated  
Casp11* PD. The fraction dimer (= 2[D]

[  ]+ 2[ ]
      , where [D] and [M] 

M D

are the concentrations of monomer and dimer, respectively) was 
found  to  be  largely  invariant  to  the  bulk  concentration  of  Casp11*,  
and hence to the concentration of particles, as would be expected 
for intraparticle PD interactions, with an average value of 76 ± 
3% across the concentration range examined (Fig. 3  D, Left). 
Calculated Ceff v  alues at each concentration of Casp11* are shown  
in Fig. 3  D, Top Right ; an average value of  1,170 ± 370 μM is 
obtained, which includes contributions from particles in com­
plexes I, II, and III. Thus, the Casp11* PDs are largely dimeric in 
the context of the inflammasome, as illustrated by the cartoon in 
Fig. 3  D, Top . Importantly, when considered in the context of 
pro-Casp11 (  K pro = 650 ± 50 μM

D     ), the dimeric form (as defined  
by fraction dimer) is also prevalent. Note that Ceff could not be   
rigorously estimated using the mature form of Casp11 (linker 
cleaved), instead of Casp11*, as the single digit μM value for 
K  mature 
D (~1 μM) would ensure complete PD dimerization on the 

inflammasome for which only a lower estimate for Ceff would then 
be obtained. Fig. 3 E shows a schematic diagram of the Casp11 
activation process based on the results presented here, leading to 
direct cleavage of GSDMD and downstream processing of 
pro-IL-18 and pro-IL-1β for signal propagation.   

Discussion

 The non-canonical inflammasome is an essential component of the  
innate immune system, facilitating the detection of intracellular  
Gram-negative bacteria and initiating an immune response against  
them (SI A ppendix, Fig.  S1). Although its benefits for the survival of  
the host are clear, dysregulation of the non-canonical inflammasome  
may lead to severe inflammatory diseases (26). Elucidating the  
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structural features of this molecular machine including its mechanism  
of action, as a first step toward the development of therapeutics for  
modulating function in the case of severe inflammation are, therefore,  
important. Yet, even though the non-canonical inflammasome was  
discovered over a decade ago, and consists of only two major com­
ponents, LPS and either Casp4 or Casp5 in humans or Casp11 in  
mice (28–30), detailed structural studies have not been forthcoming.  
Here, we have used solution NMR spectroscopy, in concert with other  
biophysical techniques, to provide insights into the structural dynam­
ics of these inflammasomes, their protein: LPS stoichiometries, and  
their mechanism of action. 

 Our NMR study establishes that while the Casp11 CARD is  
largely unstructured in solution, short regions of helical second­
ary structure are formed transiently, leading to pervasive dynam­
ics on the µs-ms timescale (Fig. 1 ). Notably, the regions of  
transient structure established here align well with those identi­
fied in both Casp4 and Casp11 by HDX-MS, showing reduced  
deuterium uptake in the non-canonical inflammasome relative  
to the isolated CARD (42, 44), and suggesting that the transient  
helices become more prevalent in the context of the inflammas­
ome complex. The NMR results highlighting a predominantly  
unstructured domain are consistent with CD studies by both  
our group and others (42), yet inconsistent with a previously  
published X-ray structure of Casp11 CARD in which a four-helix  
bundle structure is observed (39). It is likely that the maltose- 
binding protein (MBP) tag on the N­terminus of CARD, that  
was required for crystallization, led to stabilization of the X-ray  
derived CARD structure through MBP–CARD contacts, as were  
noted in the original publication. Notably, the helix bundle  
CARD structure observed in the crystal was not formed as the 
predominant state in solution upon addition of LPS, and although  
our study shows that helical content of the CARD increases to 
~60%, it remains highly dynamic in the complex, with sidechains  
adopting multiple conformations. 

 The NMR data do not, however, rule out the possibility that a  
small fraction of the CARD forms a four-helix bundle structure  
under the solution conditions of our experiments. The MBP-tagged  
domain highlights the propensity of the CARD to adopt a helical  
bundle when the domain is “perturbed” through linkage. In addi­
tion, AlphaFold2 (40) predicts a similar four-helix bundle structure  
to that observed in the MBP–CARD complex, suggesting that a  
more folded domain may be populated, albeit at a low percentage  
in solution. In this regard it is noteworthy that AlphaFold2 was not  
trained on the MBP–CARD structure, so the prediction is not based  
on memorization of the X-ray defined CARD fold but, rather, likely  
reflects real underlying interactions that help stabilize the helical,  
folded conformation. Finally, our NMR analysis establishes helical  
propensity in the region extending from residues 20 to 65, where  
AlphaFold2 predicts a four-helix bundle, with a noticeable break  
between residues 45 to 55, a region that is predicted to include a  
loop (residues 47 to 50) in the AlphaFold2 structure. As observed  
previously (66), however, AlphaFold fails to correctly estimate pro­
tein thermodynamics as the prediction of a dominant four-helix  
bundle structure in solution is clearly wrong. 

 Here we have established the CARD : KLA stoichiometries in  
non-canonical inflammasome complexes that have been used for  
the quantitative biophysical studies reported here (Fig.  2). These  
were prepared under conditions leading to KLA micelle disaggre­
gation (33), forming particles between ~100 Å to 200 Å in diameter  
(Fig. 3 B), which are significantly smaller than those of intact KLA 
micelles at the KLA concentrations utilized (700 Å to >10,000 Å  
in diameter) (67, 68). In a series of SEC-UV-RI-LS experiments  
we find that the resulting non-canonical inflammasome is  

composed of three unique complexes, containing either approxi­
mately four, six, or eight Casp11 CARDs, each with increasing  
stoichiometric amounts of KLA. The values obtained here represent  
quantitative measures of the number of CARD and lipid compo­
nents within the non-canonical inflammasomes, however, a recent  
study utilizing a combination of native mass spectrometry and mass  
photometry had previously identified the existence of distinct  
non-canonical inflammasome complexes and established each of  
their molecular masses (42). Notably, these masses could be validated  
by using the CARD : KLA stoichiometries determined for each  
complex in our study (SI  Appendix, Text, Comparison of CARD :   
KLA Stoichiometries to Wang et al .). 

The  pro K
D

, K mature
D , and Ceff   values that we have measured (Fig. 3 )

provide important insights into the mechanism of activation of  
the non-canonical inflammasome, as summarized in Fig. 3 E. 
Casp4 is constitutively expressed in humans, and it is estimated  
that it exists at a concentration of 10 to 60 nM in the cytosol   
(69, 70). Casp11 is not constitutively expressed and prior to induc­
tion via pro-inflammatory stimuli it cannot be detected in  the  
cytosol (71). Although an accurate estimate of the Casp11 cyto­
solic concentration after induction has not been reported, it must 
be significantly less than the concentration of actin (20 to 100 µM),   
the most abundant family of proteins in eukaryotic cells (72, 73). 
As  pro

K 65
D = 0 ± 50 μM ≫  [actin] ≫  [Casp11], Casp11 dimer­

ization, and hence activation, can realistically only occur via for­
mation of the non-canonical inflammasome. The results of this 
study, thus, strongly refute a recently proposed mechanism 
whereby Casp11 PD activation occurs prior to non-canonical 
inflammasome formation (74). Scaffolds, such as the non-canonical  
inflammasome, concentrate caspase PDs on their surface. Using 
non-canonical inflammasome particles prepared with FL Casp11*  
and threefold molar excess KLA, we quantified a PD effective 
concentration, C , of 1,170 ± 370 μMeff     , that is on the order of 
K  pro
D     . Thus, greater than one half of the Casp11 PDs would ini­

tially be dimerized in complexes, and, hence, activated through 
self-cleavage at residue Asp 285 in the p20-p10 linker. Note that 
activation through cleavage increases the dimerization propensity 
(  0.26 μM ≤ K mature ≤ 8.65 M

D   μ     ) so that the PDs remain dimeric  
once cleavage at Asp 285 occurs. 

 The observation that the mature Casp11 PD exists almost exclu­
sively as dimers ( K  mature ≪

D Ceff  ) in the absence of substrate in the
non-canonical inflammasome complex (Fig. 3 ) is distinct from 
what appears to occur on the surface of the apoptosome upon 
binding of its cognate caspase, Casp9 (5). There, dimerization 
requires substrate binding as the dimer dissociation constant for 
FL Casp9 is on the order of 15 mM, over an order of magnitude 
above the effective concentration of the PDs on the surface of the 
apoptosome (~500 µM). Thus, even though the apoptosome con­
centrates Casp9 by over 7,000-fold from its level in the cytosol, 
the fraction of Casp9 PD dimers would not exceed more than 
~5%. Why do systems which share such a fundamentally similar 
function exhibit this difference (Fig. 4 )? One hypothesis is that 
the discrepancy may, in part, reflect differences in the cascades 
that the apoptosome and the inflammasome initiate. The sole 
purpose of apoptosis is to induce cell death without harming 
neighboring cells. In contrast, the main function of pyroptosis is 
not to necessarily kill the cell, but instead to trigger an inflamma­
tory response in neighboring cells. This could necessitate a rapid 
release of pro-inflammatory cytokines that would be efficiently 
achieved through a fully “primed” complex, as opposed to the case  
for the apoptosome where an extra layer of regulation is provided 
by requiring substrate binding for activation.          
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Fig. 4.     Comparison of protease domain dimerization equilibria in the apoptosome and the non-canonical  inflammasome. While Ceff  ≥ 500 μM for both 
apoptosome (5) and non-canonical  inflammasomes, only the Casp11 PDs readily form the active dimeric state in the absence of substrate due to a significantly 
lower K

D
 value.  

 

As  a final note, in the present study a highly purified chemically  
defined version of LPS which lacks the O-antigen was utilized, 
and experiments were performed in the absence of divalent cations  
which are known to promote formation of LPS bilayer (as opposed  
to micellar) structures, stabilizing these LPS aggregates via miti­
gation of otherwise destabilizing electrostatic interactions between  
proximal negatively charged lipids (75–77). Under our experi­
mental conditions, the interactions between the CARD and Lipid  
A moieties stabilize relatively small particles that are amenable to 
detailed studies by solution NMR. It may be, however, that LPS 
is found in more diverse and complex structures in the cell than 
the particles that we have studied here, for example in larger assem­
blies that are stabilized by cations, and the resulting non-canonical  
inflammasome structures that are formed under these conditions 
remain an open area for investigation. 

I n summary, our study paints a picture of the non-canonical 
inflammasome as a highly dynamic and heterogenous structural 
ensemble that facilitates rapid activation of Casp11 to promote 
the release of cytokines (Fig. 4 ). This is achieved by creating an 
effective concentration of Casp11 molecules on the inflammasome  
surface that favors PD dimerization and, hence, activation. Our 
work further highlights the dynamic nature of molecular machines,  
emphasizing the important role that solution NMR spectroscopy 
can play in understanding how these systems function (78). 

Materials and Methods 

Cloning, Expression, Purification, and Sample Preparation. All constructs 
utilized in this study were codon-optimized ( SI Appendix, Table S1) and subcloned  
into pET vectors for overexpression in an Escherichia coli host. Proteins were puri-
fied to homogeneity using routine purification methods. Detailed descriptions of  
all DNA constructs, expression, purification, and sample preparation are provided  
in the SI Appendix, Text, Materials and Methods. 

Data Acquisition and Analysis. NMR experiments were recorded at either 
23.5 Tesla (1 GHz 1H frequency Bruker Avance NEO), 18.8 Tesla (800 MHz Bruker 
Avance III HD), 14.1 Tesla (600 MHz Bruker Avance III HD), or 11.7 Tesla (500 MHz  
Bruker Avance III HD) using spectrometers equipped with either liquid helium 
cooled x, y, z axis pulsed- field gradient triple- resonance probes (23.5 T, 18.8 T,  
14.1 T) or a liquid nitrogen cooled z axis pulse- field gradient triple resonance 
probe (11.7 T). SEC- UV- RI- LS and SEC-UV  measurements were acquired using 
a Superdex 200 Increase 10/300 GL column coupled to an Agilent 1260 Infinity 
II HPLC with options for in- line UV- vis (set to 280 nm), RI (Wyatt Optilab T- rEX),  

and LS (Wyatt DAWN) detectors and an autosampler. CD measurements were 
performed using a Jasco J- 1500 spectrophotometer with 1 mm quartz cuvettes.  
Cryo- EM data were acquired using a Thermo Fisher Glacios electron microscope 
operating at 200 kV and equipped with a Falcon 4i direct detector device camera.  
SV- AUC measurements were performed on a Beckman Coulter ProteomeLab XL- I 
ultracentrifuge. For specific sample conditions see SI Appendix, Table S2, and for a  
detailed description of all experimental setups and data analysis, see SI Appendix,  
Text, Materials and Methods. 

Data, Materials, and Software Availability. NMR spectra, relaxation data,  
diffusion data, and chemical shifts; SEC- UV- RI- LS, SEC- UV, and SEC- UV- DLS 
traces; CD spectra; along with associated processing and analysis scripts have 
been deposited in Zenodo (10.5281/zenodo.19597894) (79). Other data are 
included in the manuscript and/or SI Appendix. 
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