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SUMMARY

Several interleukin-1 (IL-1) family members, including IL-1b and IL-18, require processing by inflammasome-
associated caspases to unleash their activities. Here, we unveil, by cryoelectron microscopy (cryo-EM), two
majorconformationsof thecomplexbetweencaspase-1andpro-IL-18.Oneconformation is similar to thecom-
plex of caspase-4 and pro-IL-18, with interactions at both the active site and an exosite (closed conformation),
and the other only contains interactions at the active site (open conformation). Thus, pro-IL-18 recruitment and
processing by caspase-1 is less dependent on the exosite than the active site, unlike caspase-4. Structure
determination by nuclear magnetic resonance uncovers a compact fold of apo pro-IL-18, which is similar to
caspase-1-bound pro-IL-18 but distinct from cleaved IL-18. Binding sites for IL-18 receptor and IL-18 binding
protein are only formed upon conformational changes after pro-IL-18 cleavage. These studies show how pro-
IL-18 is selected as a caspase-1 substrate, and why cleavage is necessary for its inflammatory activity.

INTRODUCTION

Members of the interleukin-1 (IL-1) cytokine family play central

roles in providing host protection in response to infection and tis-

sue damage.1–5 In resting cells, several members of this cytokine

family are expressed as inactive pro-forms in the cytosol, with an

N-terminal prodomain and a C-terminal mature domain. Proteo-

lytic cleavage of the IL-1 family members occurs at the junction

between the two domains at sites marked by specific tetrapep-

tide sequences (P1–P4) and is commonlymediated by inflamma-

tory caspases.6,7 The biological activities of these cytokines are

achieved when the prodomains are removed and the mature

chains are released to the outside of the cells through gasdermin

D (GSDMD) pores or by way of membrane rupture during

pyroptosis, a lytic form of cell death.8–14 The released cytokines

amplify the immune response by binding to their receptors on the

same cells and neighboring cells.1 Why the prodomains need to

be removed from IL-1 family cytokines to unleash their signaling

capacities is unknown, but it is most commonly believed that the

prodomains are disordered and prevent receptor binding by ste-

ric hindrance.15

The inflammatory caspases include caspase-1, 4, and 5 in

humans and caspase-1 and 11 in mice.16,17 These caspases

consist of an N-terminal caspase recruitment domain (CARD)

and a C-terminal catalytic domain and are expressed as

inactive zymogens. During canonical inflammasome activation,

caspase-1 CARD filaments are formed,18 promoting molecular

proximity of the catalytic domain and enhancing the kinetics of

substrate-induced dimerization,19 resulting in the enhancement

of caspase-1 enzymatic activity and auto-processing to gain

substrate-cleavage activity. Caspase-4, 5, and 11, by contrast,

are activated upon binding lipopolysaccharides (LPS) from bac-

teria.20 Auto-processing of caspases occurs at specific sites at

the interdomain linker (IDL) between the large (�20–22 kDa)

and small subunits (�10–12 kDa) of the catalytic domain, as

well as at the CARD linker (CDL) between the CARD and

the large subunit of the catalytic domain.21 IDL processing

is required to achieve protease activity toward various

substrates.6,17,21

All inflammatory caspases cleave GSDMD to stimulate its

pore-forming activities, but they differ in their cytokine cleavage

profiles. Caspase-4, 5, and 11 were initially reported to only
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process GSDMD,9,10 but later studies revealed that caspase-4

and 5, but not caspase-11, also efficiently cleave pro-IL-1822

and weakly cleave pro-IL-1b.23,24 We and others have recently

reported the structure of the caspase-4/pro-IL-18 complex,

which reveals a mode of interaction that relies on interaction

at the active site as well as an exosite.25,26 In comparison

with caspase-4, caspase-1 adopts a broader range of sub-

strate-cleavage activity, including pro-IL-1b, pro-IL-18, and

pro-IL-37.27–32

In this study, we made further strides in establishing the

molecular mechanisms for the IL-18 maturation pathway and

identified important differences in pro-IL-18 processing by

caspase-1 relative to caspase-4. We first characterized the sub-

strate-cleavage specificity of human caspase-1 and revealed

that auto-processing of caspase-1 at D297 and D316 of the

IDL to form the 20 kDa (p20) and 10 kDa (p10) subunits is

required for caspase-1 to attain efficient substrate-cleavage ac-

tivity on pro-IL-18 and pro-IL-1b. We then captured a stable

complex between the caspase-1 catalytic mutant (C285A) and

pro-IL-18 and determined its cryoelectron microscopy (cryo-

EM) structure. The structure determination revealed two major

conformations, one similar to that observed in the caspase-4/

pro-IL-18 structure,25,26 and one not dependent on the exosite

interaction. We validated that the exosite was less important

for pro-IL-18 processing by caspase-1 than by caspase-4, illus-

trating a notable distinction between the two caspases and ex-

plaining the wider substrate spectrum of caspase-1. Finally, we

determined the structure of apo pro-IL-18 by nuclear magnetic

resonance (NMR) spectroscopy, which revealed a compact

structure with only local conformational differences from pro-

IL-18 in complex with caspase-1. However, the pro-IL-18 struc-

ture in the apo or the caspase-1-bound state exhibits extensive

conformational differences with the mature IL-18 structure, illus-

trating how IL-18 refolds upon cleavage to build its binding sites

for the IL-18 receptor and the IL-18 binding protein (IL-18BP) to

induce signaling and regulation.

RESULTS

Caspase-1 cleaves different substrates and forms a
stable complex with pro-IL-18
We confirmed that caspase-1 is the major effector enzyme

responsible for pyroptosis and IL-1 cytokine cleavage down-

stream of canonical inflammasome activation in human cells.

Non-target single guide RNA (sgRNA)-treated human THP-1

macrophages primed with LPS and stimulated with the NOD-,

LRR-, and pyrin domain-containing protein 3 (NLRP3) activator

nigericin released IL-1b, IL-18, and the cytosolic enzyme lactate

dehydrogenase (LDH), an indicator of lytic cell death, into the cell

culture supernatant (Figures 1A–1C, S1A, and S1B). By contrast,

we detected no LDH, IL-18, or IL-1b in the supernatants of LPS +

nigericin-treated THP-1 cells deficient for caspase-1 (Figures

1A–1C, S1A, and S1B).

We then quantified the catalytic efficiency of caspase-1 on

various substrates in vitro33,34 (Figures 1D and S1C–S1F). Hu-

man caspase-1 consisting of the large p20 subunit (containing

the catalytic residue C285) and the small p10 subunit were co-

expressed, purified, and refolded from E. coli. The substrates

pro-IL-18 and pro-IL-1b were expressed and purified from Sf9

insect cells, while pro-IL-37 and GSDMD were expressed and

purified from E. coli. We found that caspase-1 cleaved pro-IL-

1b and pro-IL-18 with similar efficiency, while cleavage of pro-

IL-37 was �10-fold less efficient. GSDMD was cleaved by

caspase-1 with the highest efficiency, at least 10-fold better

than any other tested substrates.

To evaluate binding independent of catalysis, the catalytic res-

idue C285 in the p20 subunit was mutated to alanine, and the

catalytically dead C285A caspase-1 mutant was used to

examine its interaction with the substrates. Caspase-1 C285A

and pro-IL-18 formed a co-migrating complex in gel filtration

chromatography, which eluted earlier than caspase-1 C285A

or pro-IL-18 alone (Figure 1E). While caspase-1 C285A alone

eluted as a monomer as judged by its similar elution position

as pro-IL-18, the large shift in elution position of the complex

suggested that the pro-IL-18 interaction leads to dimerization

of caspase-1. Previously, analytical ultracentrifugation data

showed that CARD-less C285A has a weak dimerization con-

stant of �110 mM but can be promoted to dimerize by the pan

caspase inhibitor z-VAD-fmk.19 In addition, a half amount of

pro-IL-18 relative to caspase-1 resulted in the shift of almost

all caspase-1 (Figure S1G). By contrast, the shift in elution

position in the pro-IL-1b complex with caspase-1 C285A was

minimal, suggesting that pro-IL-1b did not stably dimerize

caspase-1 despite co-migration (Figure 1F). The measured cat-

alytic efficiencies of caspase-1 on pro-IL-1b and pro-IL-18 were

similar (Figure 1D), which may suggest that pro-IL-1b does

dimerize caspase-1, but likely with a fast off-rate that leads to

dissociation during gel filtration chromatography. These data

support the relatively stable complex formation of caspase-1

with pro-IL-18 in contrast to pro-IL-1b.

Auto-processing of caspase-1 at IDL enables its
cleavage of various substrates
We further investigated whether and how the auto-processing

of caspase-1 might impact its substrate recognition and cleav-

age activity. In addition to the p20/p10 form used above

(Figures 1D–1F), a number of catalytically active and inactive

caspase-1 constructs were generated to mimic the potential

intermediates in caspase-1 auto-processing, including the

quadruple mutant D92A/D103A/D119A/E130A at the CDL that

generates p33/p10,35 and the IDL mutants p22/p10 (D297A/

D315A) and p20/p12 (D315A/D316A) (Figure 2A). p33/p10

cleaved pro-IL-18 and pro-IL-1b with a catalytic efficiency com-

parable to the p20/p10 form; by contrast, p22/p10 showed a

modest decrease in its ability to cleave pro-IL-18 or pro-IL-1b

(�5-fold reduced catalytic efficiency), and p20/p12 completely

lost cleavage activity (Figures 2B, 2C, and S2A–S2H). p33/p10,

p20/p10, and p22/p10 cleaved the chromogenic peptide sub-

strate WEHD-pNA at a similar rate, while peptide cleavage activ-

ity was diminished for the p20/p12 variant (Figure 2D). Thus,

removal of the IDL (residues 298–316) to generate p10 appeared

to be essential to achieve the substrate-cleavage activity of

caspase-1 on a variety of substrates, including pro-IL-18 and

pro-IL-1b, consistent with previous reports.36,37 In vitro, the

CARD did not markedly affect caspase-1’s catalytic activity.

However, upon inflammasome activation in cells, the CARD is

essential for bringing the caspase-1 catalytic domains into prox-

imity to promote substrate-induced dimerization and activation.
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Once CDL cleavage occurs, caspase-1 is inactivated, providing

a mechanism for termination of inflammasome activation.21

In parallel, gel filtration chromatography using the catalytically

inactive C285A forms of caspase-1 showed that pro-IL-18

co-migrated with p33/p10, similar to p20/p10 (Figures 2E

and 1E). However, gel filtration chromatography only indicated

a minor shift when p22/p10 was mixed with pro-IL-18 and did

not detect any interaction between p20/p12 and pro-IL-18 (Fig-

ures 2F and 2G).

Cryo-EM structure determination reveals both active
site and exosite interactions
To understand how caspase-1 recognizes and cleaves cytokine

substrates, we determined the cryo-EM structure of the cas-

pase-1/pro-IL-18 complex (Figure 3A). To this end, caspase-1

p20/p10 C285A was co-incubated with full-length pro-IL-18

and the resulting complex was purified by gel filtration chroma-

tography and validated by SDS-PAGE (Figures S3A and S3B).

The major peak from gel filtration was subjected to blue native

PAGE to analyze its integrity and composition, which resulted

in a single band near the 146 kDa marker consistent with a cas-

pase-1/pro-IL-18 complex dimer (Figure S3C). We further stabi-

lized the caspase-1/pro-IL-18 complex using a gradient of the

chemical amine-amine crosslinker BS3 (from 0 to 5 mM) (Fig-

ure S3C) and selected the 1mMBS3 condition for cryo-EM sam-

ple preparation. The crosslinked complex was subjected to

another step of gel filtration chromatography, the main peak of

which was collected for EM analysis (Figure S3D). Negative-

staining EM and cryo-EM validated the homogeneity of the sam-

ple (Figures S3E and S3F).

We first collected a cryo-EM dataset containing 4,437 raw

movies, and 2D classification revealed particles with a candy-

like shape (Figures 3B and S4A). 468,584 good particles were

selected for initial 3D reconstruction, which showed a preferred

orientation problem. Thus, an additional dataset of 3,240 raw

movies was collected at a 30� stage tilt angle as suggested by

calculations in an open-source software cryoEF38 to diversify

the orientations. 329,763 good particles were chosen from the

30� tilt dataset followed by per-particle defocus refinement.

The two datasets were merged for 2D classification, and

440,340 good particles were selected for heterogeneous refine-

ment, which revealed various conformations of the caspase-1/

pro-IL-18 complex (Figure 3C). The top class consisting of

47% of total particles was subjected to homogeneous refine-

ment with imposed 2-fold symmetry, resulting in a cryo-EM

map at an overall resolution of 3.5 Å from 206,959 best particles

A B C D

E F

Figure 1. Biochemical characterization of caspase-1 cleavage and binding activity

(A–C) The non-target control and two clones (shown as clones 1 and 2) ofCASP1�/� THP-1 cells primed with LPS before treatment with nigericin for 2 h. IL-1b (A),

IL-18 (B), and LDH (C) released into the cell culture were quantified.

(D) Quantification of caspase-1 catalytic efficiency in vitro (kcat/Km) on its main substrates, pro-IL-18, pro-IL-1b, pro-IL-37, and GSDMD.

(E and F) Gel filtration chromatography analysis of the binding between caspase-1 p20/p10 (C285A catalyticmutant) and pro-IL-18 (E) or pro-IL-1b (F). The elution

volume of each complex is indicated. The SDS-PAGE gel containing individual fractions from the gel filtration run of the complex is shown, highlighting co-

migration and complex formation. The 6 3 His-SUMO tag cleaved from pro-IL-1b (F) is indicated by an asterisk.

The data shown are representative of at least three independent experiments. Bars and error bars represent the mean ± SEM of at least three independent

experiments. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test: ns, not significant; **p < 0.01; ***p < 0.001;

****p < 0.0001.

See also Figure S1.
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(Figure S4B; Table S1). The orientational distribution of particles

included in the final map is shown in Figure S4C.

In the caspase-1/pro-IL-18 complex structure, two pro-IL-18

molecules situate symmetrically at the top and bottom sides

of a caspase-1 dimer when viewed down the 2-fold axis

(Figures 3D and 3E). The overall map is most well defined at

caspase-1 and the part of pro-IL-18 proximal to caspase-1,

while the part of pro-IL-18 distal to caspase-1 exhibits more

dynamics shown by 3D variability analysis (Figures 3D, 3E,

and S4A; Video S1). The crystal structure of caspase-1 (PDB:

6KN0)35,39 fit well into the map, while the mature IL-18 structure

(PDB: 3WO2)40 exhibited large differences with the density. To

explain the pro-IL-18 density, we first fitted the tetrapeptide

motif of pro-IL-18 (33-LESD-36) to the caspase-1 active site

and then traced the density both N- and C-terminal to the motif

to complete the model building. The caspase-1 and pro-IL-18

models were then refined in real space against the map. The

final model includes a caspase-1 dimer and two molecules of

pro-IL-18 with the nearly complete prodomain (residues 6–

36). A region of pro-IL-18 in the mature domain (residues 53–

80) was not observed in the map and is likely disordered. The

conformation of this class is highly similar to that of the cas-

pase-4/pro-IL-18 structure with interactions at both the active

site and the exosite (Figure 3F), but it appears that the bound

pro-IL-18 in the caspase-1 complex tilts less toward the exosite

than in the caspase-4 complex (Figure S4D), which may reflect

its tendency to dissociate from the exosite (see below). The

model of the caspase-1/pro-IL-18 complex were consistent

with crosslinking mass spectrometry, with 7 and 5 pairs of

crosslinks from pro-IL-18 to p10 and p20, respectively, and 2

pairs of crosslinks within the pro-IL-18 molecule (Figures

S5A–S5F).

A B C

D E

F G

Figure 2. Complete auto-processing of caspase-1 is essential for cleavage activity

(A) The domain organization of different auto-processed forms of caspase-1 used in this study. The sequence of the linker region between p20 and p10 is shown

with acidic residues in red.

(B and C) Quantification of catalytic efficiency in vitro of different auto-processed forms of caspase-1 on pro-IL-18 (B) or pro-IL-1b (C).

(D) Cleavage of the chromogenic peptide substrate WEHD-pNA by indicated caspase-1 forms.

(E–G) Gel filtration analysis of the binding of caspase-1 p33/p10 (E), p22/p10 (F), or p20/p12. The SDS-PAGE gel containing individual fractions from the gel

filtration run of the complex indicates different degrees of complex formation. Comparison with the gel filtration analysis on the interaction between caspase-1

(p20/p10) and pro-IL-18 should refer to Figure 1E.

The data shown are representative of three independent experiments. Bars, graphs, and error bars represent the mean ± SEM of at least three independent

experiments. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test: **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S2.
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A B

C

D E F

G H I

Figure 3. Cryo-EM map and model of the caspase-1/pro-IL-18 complex

(A) Domain organization of CARD-deleted caspase-1 and pro-IL-18, with p20 in light purple or coral, p10 in blue or light pink, and the removed linker between p20

and p10 in gray. The approximate location of the catalysis-inactivating C285Amutation is indicated by a red arrow. The prodomain and themature domain of pro-

IL-18 are in green and orange, respectively.

(B) Representative 2D classes of the caspase-1/pro-IL-18 complex.

(C) Homogenous refinement of the caspase-1/pro-IL-18 complex of all 3D classes without applying symmetry, showing the heterogeneity in conformations. The

percentage of total particles is shown for each class.

(D and E) The cryo-EMmap of themajor class (III) of the caspase-1/pro-IL-18 complex (contoured at 4.0 s), colored by local resolution (D) and by domains (E). The

global resolution of the complex is 3.5 Å.

(F) The caspase-1/pro-IL-18 interaction regions, with the active site region and the exosite region blocked by red and blue rectangles, respectively. The pro-IL-18

molecule is shown as a ribbon diagram, whereas the dimer of the caspase-1 p20/p10 complex is shown as a ribbon diagram for the left monomer and a ribbon

diagram superimposed with the cryo-EM map for the right monomer. Both the model and map are colored by domains.

(G) The cryo-EMmap of the caspase-1/pro-IL-18 complex with one molecule of pro-IL-18 bound to caspase-1 without applied symmetry. The map is colored by

local resolution (contoured at 8.0 s). The global resolution of the complex is about 5.4 Å. Active site and exosite are highlighted in red and blue circles,

respectively.

(legend continued on next page)
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Caspase-1 can also engage Pro-IL-18 in an exosite-
independent manner
The second major class of the caspase-1/pro-IL-18 complex

(Figure 3C) revealed a distinct, open conformation. Despite the

lower overall resolution of 5.4 Å, it was apparent that only active

site interactions exist while the exosite site of caspase-1 does

not contact pro-IL-18 (Figures 3G and 3H). In comparison with

the major, closed conformation (Figure 3D), pro-IL-18 in this

open conformation needs to rotate by around 74� to reach its

orientation in the major (closed) conformation (Figure 3I). In addi-

tion, the different 3D classes including the minor classes I, II, and

V (Figure 3C) could be interpreted as variable modes of recogni-

tion of pro-IL-18 by caspase-1, with one or two pro-IL-18

molecules binding to one caspase-1 dimer and each pro-IL-18

molecule in one of the two conformations (Figure S5G). Since

caspase-1 is dimerized in all classes, we presume that both

the open and closed conformations are able to induce pro-IL-

18 processing. By contrast, the different 3D classes of the cas-

pase-4/pro-IL-18 complex did not show any obvious alternative

conformation.26

The caspase-1/pro-IL-18 complex reveals detailed
interactions at the two binding sites
We observed two binding interfaces between caspase-1 and

pro-IL-18 in the complex, one at the active site, and one more

distant from the active site that we named the exosite (Figures

3F, 4A, and 4B). Extensive surface areas of �920 Å2 and

�500 Å2 for each binding partner are buried at the active site

and exosite, respectively, as calculated by the PDBePISA

server.41 In our structure, we observed extensive electrostatic in-

teractions at or close to the tetrapeptide sequence of pro-IL-18

(33-LESD-36), including E34 and D36 of pro-IL-18 with R341 of

caspase-1, E28 of pro-IL-18 with K320 of caspase-1, D29 of

pro-IL-18 with R383 of caspase-1, and D36 of pro-IL-18 with

R179 and H237 of caspase-1 (Figure 4A). The exosite interface

has hydrophobic components in addition to electrostatic inter-

actions (Figure 4B). A key hydrophobic exosite interaction com-

prises W294 of caspase-1 with I48 of pro-IL-18, and a key elec-

trostatic exosite interaction is represented by E192 and D193 of

pro-IL-18 with K296 of caspase-1 (Figure 4B). Of note, the map

at the exosite is not all atomic resolution, but the involvement of

these residues was validated by mutagenesis (see below). A

sequence alignment among several mammalian inflammatory

caspases revealed that key residues involved in the pro-IL-18

interaction are highly conserved among pro-IL-18-cleaving cas-

pases, namely caspase-1, caspase-4, caspase-5, and canine

caspase-1/425,26,42 (Figure 4C). By contrast, some residues

such as K320 and R383 (based on numbering in caspase-1)

are not conserved in murine caspase-11, which may rationalize

why caspase-11 does not process pro-IL-18 efficiently.42–44

In addition to previously described effects of IDL removal on

caspase-1 dimerization,36 our structure may explain how the

different auto-processed forms of caspase-1 influence the

cleavage activity on pro-IL-18 specifically. We hypothesize that

in the p20/p12 form, the acidic residues in the IDL immediately

preceding the p10 part of p12 (311-EEFEDD-316) (Figure 4D)

could cause charge repulsion with the acidic surface of pro-IL-

18 at the exosite, and therefore abolish the binding between

p20/p12 and pro-IL-18 (Figure 4D). While p22 in the p22/p10

form will also harbor these acidic residues from the IDL, they

are further away from the end of p20 and thus may exert a less

repulsive effect toward the pro-IL-18 substrate in comparison

with p20/p12 (Figure 4D).

Cleavage of pro-IL-18 by caspase-1 is dominated by
active site interactions
Structure-guided mutagenesis was performed to validate the

key residues involved in the two binding interfaces. Mutants of

catalytically active and inactive forms of caspase-1 p20/p10

were generated, including substitutions to R179, R341, and

R383 at, or close, to the active site and to W294 and K296 at

the exosite. To assess how the caspase-1 mutations impact

pro-IL-18 processing at the cellular level, we stably reconstituted

caspase-1-deficient (CASP1�/�) THP-1 cells with Myc-tagged

caspase-1 mutants, differentiated them into macrophage-like

cells by phorbol 12-myristate 13-acetate (PMA), primed them

with LPS, and stimulated them with nigericin (Figures S6A and

S6B). To account for potential differences in GSDMD processing

by the caspase-1 mutants and thus in IL-18 release, we

measured the amounts of mature IL-18 in samples combining

supernatants and cell lysates. We observed that the caspase-1

active site mutants R179D, R341E, and R383E almost

completely abolished IL-18 processing, with partial impairment

of processing for the caspase-1 exosite mutants W294N and

K296D (Figure 5A). We confirmed impaired IL-18 processing

by caspase-1 mutants in supernatants and cell lysates of cells

treated with LPS + nigericin by immunoblot (Figure S6C). Similar

results were obtained when we performed immunoblots for IL-

1b, albeit the defects for the exosite mutants (W294N and

K296D) were less pronounced when compared with IL-18 (Fig-

ure S6D). The loss of pro-IL-1b from the cell lysates of cells ex-

pressing GFP or catalytically impaired caspase-1 variants

following stimulation with nigericin is likely due to proteasomal

degradation45 or cleavage by caspase-3 (as indicated by the

appearance of a band at around 27 kDa),46 which becomes

active as nigericin is known to induce apoptotic signaling in cells

where pyroptosis is inhibited.47

To investigate the importance of the two interaction interfaces

in pro-IL-18 on caspase-1-mediated cleavage, we used IL-18-

deficient (IL18�/�) THP-1 macrophages reconstituted with

FLAG-tagged pro-IL-18 variants carrying mutations at the active

site/tetrapeptide (L33A/E34A/S35A [LES33AAA] or at the exosite

E192K/D193K [ED192KK] and V47N/I48N [VI47NN]) that we

generated previously.26 These cells were similarly stimulated

with LPS + nigericin and pro-IL-18 processing was assessed

by immunoblot (Figure 5B). In line with our mutagenesis studies

(H) The fitted atomic model of caspase-1 and pro-IL-18 binding via active site only (class IV, open conformation), and via both the active site and exosite (class III,

closed conformation). Locations for the active site and exosite are in red and blue circles, respectively.

(I) Comparison of twomodes of pro-IL-18 recognition by caspase-1. The arrow indicates the rotation needed to change from an open to a closed conformation by

engaging the exosite binding.

See also Figures S3–S5 and Table S1.

ll
Article

6 Immunity 57, 1–16, July 9, 2024

Please cite this article in press as: Dong et al., Structural transitions enable interleukin-18 maturation and signaling, Immunity (2024), https://doi.org/
10.1016/j.immuni.2024.04.015



of caspase-1, cleavage of all tested pro-IL-18 mutants was

reduced compared with wild-type (WT) pro-IL-18, with the active

site interface mutant showing stronger effects than the exosite

interface mutants.

To further evaluate the caspase-1 interfaces for their effects on

cleavage of pro-IL-18, cleavage assays were performed using

recombinant proteins in vitro. Caspase-1 mutants R341A,

R383A, W294N, and K296D, as well as pro-IL-18 mutants

LES33AAA at the tetrapeptide motif in the active site interface,

and ED192KK and VI47NN at the exosite, were produced.

Caspase-1 mutants R179D, R341E, and R383E were excluded

from the cleavage assays as we were unable to produce these

proteins in E. coli. We observed that caspase-1 mutations at

either active site or exosite impaired the catalytic efficiency,

and consistent with the cellular assay, mutations at the active

site were more defective those at the exosite (Figures 5A, 5C,

and S6E–S6H). On the pro-IL-18 side, the active site mutation

LES33AAA impaired the cleavage activity of caspase-1 much

more effectively than the exosite mutants ED192KK and

VI47NN (Figures 5B, 5D, and S6I–S6K). In line with the results

A B

C D

Figure 4. The interface between caspase-1 and pro-IL-18 in the complex

(A and B) Zoom-in views of the interactions at the active site region (A) and the exosite region (B). Cryo-EMdensities for the prodomain of pro-IL-18 involved in the

interactions are shown in blue mesh. Selective important residues are shown with side chains and labeled.

(C) Sequence alignment among caspase1/4/5 in humans, caspase-1/11 in mice, and the hybrid of caspase-1/4 in dogs. Identical and similar amino acids are

highlighted and colored in red, respectively. Sequence alignment was performed by using ClustalOmega online tool and plotted in ESPript 3.0. Residues with

large buried surface areas in the complex are mapped at the aligned sequences, with orange rectangles for >60 Å2 buried surface areas and green rectangles for

30–60 Å2 buried surface areas. Certain residues at the interface are indicated by red or blue arrows for the active site and the exosite, respectively. The sequence

number of human caspase-1 and caspase-4 are indicated above and below the sequence alignment, respectively. * indicates the two residues with differential

contributions in pro-IL-18 binding and processing by caspase-1 and caspase-4.

(D) The potential effect of the IDL linker residues in p22 and p12 for the interaction with pro-IL-18. At the left, the ribbon diagram of the complex is shown together

with the electrostatic surface of pro-IL-18 in which red is for negatively charged surface, blue is for positively charged surface, and white is for neutral surface. At

the right, a zoom-in view of the exosite and the IDL sequence are shown. The caspase-1 structure shown is the p20/p10 complex, and the additional IDL residues

if theywere included as in p22 or p12 are shown as dotted lines with red as acidic residues and black as other residues. The acidic region of the IDL included in p12

would have been closer to the negatively charged surface of pro-IL-18 and thus could affect the interaction.

See also Figure S6.
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A B C

D E F

G H

I J

K L

Figure 5. Mutations of key residues at the two interfaces impair the binding and cleavage of pro-IL-18 by caspase-1
(A) Mature IL-18 by ELISA in combined supernatant and cell lysate for each WT or mutant caspase-1-reconstituted CASP1�/� THP-1 cells. White bars and filled

circles: primed with LPS for 4 h; gray bars and filled rectangles: primed with LPS for 4 h followed by stimulation with nigericin for 3 h.

(B) IL-18-deficient THP-1macrophages reconstitutedwith indicated pro-IL-18 variants primedwith LPS for 4 h before treatment with nigericin for 2–3 h. IL-18was

immunoprecipitated from cell culture supernatants and analyzed by immunoblot.

(C and D) Quantification of in vitro catalytic efficiency of WT and mutant caspase-1 p20/p10 onWT pro-IL-18 (C), and of WT caspase-1 onWT and mutant pro-IL-

18 (D). The pro-IL-18 WT control was the same experiment as the caspase-1 WT control.

(E) Quantification of in vitro catalytic efficiency of WT and mutant caspase-1 p20/p10 on pro-IL-1b.

(legend continued on next page)
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from our cell-based experiments, we obtained similar results

when we used pro-IL-1b instead of pro-IL-18 as a substrate for

the indicated caspase-1 mutants (Figure 5E).

We further investigated using gel filtration chromatography if

these mutations affect the binding between caspase-1 C285A

and pro-IL-18. Among the caspase-1 mutants, R341A was

the most defective in pro-IL-18 interaction, with W294N,

K296D, and R383A exhibiting varying degrees of weakened

interaction (Figures 5F–5I). Among the pro-IL-18 mutants, the

LES33AAA mutant at the tetrapeptide motif had the most severe

defect in its ability to interact with caspase-1 while pro-IL-18

VI47NN and ED192KK were partially impaired in the interaction

(Figures 5J–5L). Overall, these data show that mutations at the

exosite cause less severe interaction defects than active sitemu-

tations indicating that the exosite interaction may not be as

essential as the active site interaction in pro-IL-18 processing

by caspase-1. This conclusion contrasts with caspase-4 for

which the conserved active site residue K356 (analogous to

R383 of caspase-1) was less important than the exosite residue

W267 (analogous to W294 of caspase-1) for pro-IL-18 process-

ing26 (Figure 4C).

Solution NMR structure of pro-IL-18 is similar to the
caspase-1 bound form but distinct from mature IL-18
Our cryo-EM structure provided a detailed model for the interac-

tion between the pro-IL-18 substrate with caspase-1, but the

absence of structural information on the apo state of pro-IL-18

limits our understanding of the pro-IL-18 maturation pathway.

We therefore determined the solution structure of the apo

pro-IL-18 using NMR spectroscopy. The structure calculation

process and subsequent refinement resulted in a tight bundle

of structures with a backbone root-mean-square deviation

(RMSD) of 0.51 Å over the ordered residues (Figures 6A–6C;

Table S2). As in our cryo-EM structure, the solution NMR struc-

ture of apo pro-IL-18 shows a well-packed assembly with the

prodomain engaged in the b-trefoil fold. The apo form of pro-

IL-18 is quite similar overall to the caspase-1 complexed state

(backbone heavy atom RMSD of 1.6 Å over ordered residues);

however, there are several notable differences (Figure 6D). First,

the b10 and b20 strands are connected as one in the apo structure

(Figure 6A). Second, the large disordered region (residues 53–80)

that is absent in the cryo-EM structure of the complex (Figure 6D

inset showing sequence) is not entirely disordered in the apo

form; rather, a small b-strand, referred to as ‘‘b*,’’ is formed by

residues 55–58 (Figures 6A and 6Di). This is supported by 15N

transverse relaxation rates, R2, which provide a measure of

backbone dynamics; small 15N R2 values are consistent with

increased ps-ns timescale motion, as is often observed in the

case of unstructured loop regions of proteins, while regions

with larger rates are typically organized into well-defined struc-

tural elements. R2 values for residues 55–58 are high, and rates

do not show a reduction until about residue 63 (Figure 6C). The

remainder of this region (residues �63–78), however, has lower

R2 relaxation rates than the structured regions of the protein,

indicating that this region is highly flexible on the ps-ns timescale

(Figure 6C). b* takes part in a mixed b-sheet with b4 and b5,

where b* and b4 are parallel and b5 is antiparallel (Figure 6A).

Third, the loop containing the 33-LESD-36 tetrapeptide adopts

an average conformation in the apo form that is distinct from

that in the complex (shown in stick representation in Figure 6Dii),

where the tetrapeptide participates in critical interactions within

the caspase-1 active site. However, the residues within this loop

also have lower 15NR2 relaxation rates than for the structured re-

gions of the protein (Figure 6C), indicating a high degree of flex-

ibility on the ps-ns timescale. This suggests that in the apo form

this loop may transiently adopt a range of conformations,

including poses that may be similar to that in the complex.

Finally, we note that the side chain of I48, which forms a critical

interaction withW294 of caspase-1 at the exosite, points into the

core of pro-IL-18 in the apo form (Figure 6Diii, where the change

in position of this residue is indicated by the black arrow). It is

possible that binding to caspase-1 proceeds through a mecha-

nism by which I48 transiently flips out toward the solvent in

apo pro-IL-18 to allow for engagement with the enzyme, perhaps

coupled to a melting of the nearby b* as in the complex. Alterna-

tively, binding could occur in a stepwise fashion, with the first

step involving interactions between the tetrapeptide and the

caspase-1 active site that could then lead to perturbations in

the region around I48, enabling the side chain to flip out and

the exosite contacts to form in a second step.

The structure of apo pro-IL-18, similar to that of the bound

form, differs substantially from the structure of mature IL-18

with RMSD of 6.5 Å over ordered backbone residues (Fig-

ure 7A). Upon alignment, the N-termini lie at opposite ends of

the structures. While pro- and mature IL-18 both adopt b-trefoil

folds, there are differences in the sizes and topology of the

strands in the N-terminal part of these proteins (Figures 7B

and 7C). The b20 and b30 strands of pro-IL-18 replace b2 and

b3 of mature IL-18. The b10 strand of pro-IL-18 does not have

a counterpart in mature IL-18, whereas b1 of pro-IL-18 be-

comes part of the long b1 strand of mature IL-18 that forms

an antiparallel b-sheet with b4 and b5 (Figure 7D). The C-termi-

nal end of b1 in mature IL-18 contacts b13, somewhat similar to

b1 of pro-IL-18. Additionally, the disordered loop in pro-IL-18

(residues �53–80), which immediately precedes b4, is replaced

by a region that contains the b2-b3 hairpin and an alpha helix

(⍺1) in mature IL-18 with b* in pro-IL-18 becoming part of b2.

Despite these discrepancies in the N-terminal region of the

structures, b4 through b13 superimpose well with a backbone

heavy atom RMSD of 1.9 Å over ordered residues (Figure 7A).

These rearrangements of the N-terminal half of the molecule

enable the 36 residue prodomain to be seamlessly incorpo-

rated into the b-trefoil fold of IL-18, producing the compact

structure of pro-IL-18 presented here.

(F–L) Gel filtration analysis of the binding between mutant caspase-1 and WT pro-IL-18 (F–I) and between WT caspase-1 and mutant pro-IL-18 (J–L). The SDS-

PAGE gel containing individual fractions from the gel filtration run of the complex indicates different degrees of complex formation.

The residues involved in the active site and exosite interaction are in red and blue, respectively in (A–E). The data shown are representative of three independent

experiments. Bars and error bars represent the mean ± SEM of at least three independent experiments. Statistical significance was determined by one-way

ANOVA with Tukey’s multiple comparisons test: **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S6.
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The IL-18R⍺-binding site is built by conformational
changes upon cleavage
Mature IL-18 but not pro-IL-18 is capable of inducing inflamma-

tion in cells. To do so, mature IL-18 binds to IL-18 receptor ⍺

(IL-18R⍺) on target cells, and the complex in turn recruits IL-18

receptor accessory protein (IL-18Racp). The ternary IL-18/IL-

18R⍺/IL-18Racp complex was previously characterized by

x-ray crystallography.40,48 The IL-18R⍺-binding site on mature

IL-18 largely involves b2, b3, and ⍺1 (Figures 7D and 7E). These

structural features are absent in pro-IL-18. By trying to fit our pro-

IL-18 structure into the ternary IL-18/IL-18R⍺/IL-18Racp com-

plex structure, we also observed steric clashes between the tet-

rapeptide-containing loop in pro-IL-18 and IL-18R⍺ (Figure S7A).

In addition, the pro-IL-18 structure also clashes with IL-18 bind-

ing protein (IL-18BP) in the structure of mature IL-18 in complex

with IL-18BP49 (Figure S7B). This observation is consistent with

the previous conclusion that pro-IL-18 does not bind IL-18BP.50

Thus, caspase cleavage induces a conformational change in IL-

18 that generates the IL-18R⍺-binding site as well as removes

steric hindrance to IL-18BP and IL-18R⍺, the latter of which ex-

plains why uncleaved pro-IL-18 is unable to signal through the

IL-18 receptor complex.

DISCUSSION

In this study, we established the mechanistic steps in the

pathway for pro-IL-18 processing and the associated conforma-

tional changes that ultimately create a functional cytokine. The

A B

C

D

Figure 6. Solution NMR structure of apo pro-

IL-18

(A) Ca trace of the NMR structure ensemble of best

(lowest Rosetta scores) 10 structures resulting from

CYANA structure calculation and subsequent

refinement using Rosetta (see STAR Methods) (left)

and a single cartoon representation of pro-IL-18

(right). Prodomain and mature domain are shown in

green and orange, respectively, except that the

tetrapeptide is displayed with dark blue sticks.

b-strands are labeled, and ‘‘N’’ and ‘‘C’’ denote the

N and C termini, respectively.

(B) The best structure of the bundle (lowest Rosetta

score), shown from two different views and in

domain colors except for the 33-LESD-36 tetra-

peptide which is displayed with dark blue sticks.

(C) A plot of the 15N transverse relaxation rate, R2, of

the backbone amide of each residue. As described

in the text, residues with lower R2 are more flexible

on the ps-ns timescale. The data points shown in

green and orange are residues within the b-strands

of pro and mature domains, while the points shown

in dark blue are residues of the tetrapeptide. Both

the tetrapeptide and the extra b-strand, b*, not seen

in the complex, are highlighted by dashed blue and

orange boxes, respectively.

(D) Overlay of cryo-EM structure of pro-IL-18 com-

plexed with caspase-1 (yellow) with the solution

NMR structure of apo pro-IL-18 (prodomain in

green; mature domain in orange). While the struc-

tures are quite similar overall, with a backbone

heavy atom RMSD of 1.6 Å over ordered residues

(11–28, 45–60, 80–88, 97–104, 107–112, 114–120,

133–145, 147–165, 170–179, and 185–190 as

determined by 15N R2 values), several differences

are highlighted. (i) Residues 53–80 are missing from

the complex structure due to a lack of density. In the

apo structure, this region is mostly comprised a

flexible loop; however, a small b-strand involving

residues 55–58 (b*) is observed. (ii) The average

orientation of the tetrapeptide-containing loop in the

apo structure is distinct from that in the complex.

The tetrapeptide is shown in blue sticks (apo) and

yellow sticks (complex). (iii) The side chain of I48,

which forms a critical exosite interaction with W294

of caspase-1 in the complex, points toward the

protein core in the apo structure. The I48 side chain

is shown in orange sticks (apo), and yellow sticks

(complex), while the W294 side chain is shown in

gray sticks.

See also Table S2.
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significance of this finding is that it provides a structural explana-

tion for the long-recognized problem of why cleavage of the pro-

form of certain IL-1 family members is necessary to induce

inflammation. Contradicting the presumption that pro-IL-18

may fold into a separate prodomain and mature domain with

the caspase-cleavage site as a linker,15 we found that pro-IL-

18 exhibits an overall globular fold both in the apo state and in

complex with caspase-1. Pro-IL-18 binds to caspase-1 with

relatively small changes in conformation, primarily on the tetra-

peptide-containing segment, a long loop structure (analogous

to b2, b3, and ⍺1 in mature IL-18), and side-chain adjustment

at the exosite. The conformational change in mature IL-18

upon release from the caspase-1 complex is extensive, with re-

arrangement of the region just after the tetrapeptide cleavage

site into a long b-strand (b1), and the neighboring long loop struc-

ture into a new b-hairpin (b2-b3) and ⍺-helix (⍺1). The new

b-hairpin takes the place of the b20-b30 hairpin in the prodomain.

As such while the mature IL-18 can interact with its receptor IL-

18R⍺, the binding site involving b2, b3, and ⍺1 is not formed in

pro-IL-18 and is additionally covered by the tetrapeptide

segment. This conformational conversion elegantly preserves a

similar b-trefoil fold and yet only after cleavage is the receptor-

binding site created.

In addition, pro-IL-18 binding has the important effect of dime-

rizing caspase-1 to activate its catalytic activity. The caspase-1

catalytic domain cleaved at the IDL appears to be monomeric in

vitro and requires substrates such as pro-IL-18 to dimerize and

achieve its optimal catalytic function. This notion is consistent

with deactivation of caspase-1 in cells when CDL cleavage leads

to release of the cleaved catalytic domain from the inflamma-

some,21 likely due to reduced local concentration and failed sub-

strate-induced caspase-1 dimerization.

Our caspase-1/pro-IL-18 structure resembles the recent

structures of the caspase-4/pro-IL-18 complex by us and

others,25,26 but with notable differences. In particular, we

observed an alternative, open conformation in which pro-IL-18

binds caspase-1 only at the active site, not the exosite. Thus,

likely because of the structural difference, a functional difference

was observed in the relative contributions of the active site

and the exosite in pro-IL-18 recruitment and processing by

caspase-4 and caspase-1. Mutating the exosite in caspase-4

severely impairs its ability to cleave pro-IL-18 in vitro (almost

100-fold) and completely abolished its cleavage in cells.26 By

contrast, mutating the exosite in caspase-1 led tomodest effects

in vitro and in cells. Hence, caspase-4 more strictly relies on the

exosite for pro-IL-18 cleavage, while caspase-1 is less res-

tricted. The dependence on exosite-mediated substrate capture

may explain why caspase-4 and caspase-11 have much nar-

rower substrate specificity compared with caspase-1.44,51

Based on available structural and biochemical data, we pro-

pose a model whereby different substrates are selected and

cleaved by inflammatory caspases through distinct modes of

interaction. In the case of GSDMD, recognition by caspase-1,

4, and 11 is dominated by the exosite, which appears to be

necessary and sufficient, while the tetrapeptide is nearly

dispensable for cleavage.35,39 Recognition and cleavage of

pro-IL-18 is more dependent on the exosite for caspase-4 than

for caspase-1, but in both cases, the exosite and the active

site interfaces contribute to the interaction. Whether the mode

of recognition described here for pro-IL-18 extends to other

IL-1 family cytokines is yet to be determined, but it may be that

pro-IL-1b is recognized by caspase-1 in a similar fashion.

Consistent with this idea, exosite mutations in caspase-1 lead

to detectable, but weak, defects in pro-IL-1b processing while

mutations near the active site have stronger effects.42 In addi-

tion, the tetrapeptide is a major determinant of efficient cleavage

of pro-IL-1b by caspase-1,22 as for pro-IL-18. The tetrapeptide

found in human pro-IL-1b (YVHD) resembles the commonly

used peptide substrate YVAD, which is a high efficiency

substrate for caspase-1, but a poor substrate for caspase-4 or

caspase-11.42,44 Our data provide important insights into the

mechanism of substrate recognition by caspase-1, informing

on sites that should be evaluated as targets in the development

of inhibitors for these critical enzymes.

Limitations of the study
Our study here comprises limitations. First, the resolution of the

secondmajor conformation of the caspase-1/pro-IL-18 complex

is not sufficiently high to identify the exact amino acid residues

involved to validate by mutagenesis. As a result, the relationship

between the conformational heterogeneity we observe in our

structural studies and the lower dependency on the exosite is

only correlative. Additional structural studies on caspase-1/

pro-IL-18 complexes with mutations to stabilize the second ma-

jor conformation could help to address this question. Second,

how caspase-1 dimerization and pro-IL-18 interaction are

coupled remains unclear. Third, more studies are required to

elucidate how the caspase-1/pro-IL-18 complex assembles in

Figure 7. The topology of b-trefoil fold differs in pro-IL-18 and mature IL-18

(A) The structures of apo pro-IL-18 (prodomain in green; mature domain in orange) and mature IL-18 (cyan) are overlaid. The N terminus of pro-IL-18 is indicated

by the green N, while that of mature IL-18 ismarked by the cyan N.While the overall alignment of the structures is quite poor (backbone heavy atomRMSD = 6.5 Å

over ordered residues, see residue ranges given in Figure 6 legend), the ordered residues from b4 through b13 align well, with a substantially lower backbone

heavy atom RMSD of 1.9 Å.

(B) Topology diagrams of pro-IL-18 apo (prodomain in green; mature domain in orange) and pro-IL-18 in complex with caspase-1. The loop that is absent in the

pro-IL-18 in complex with caspase-1 is indicated by dash lines. The tetrapeptide of pro-IL-18 in apo or bound form is indicated by blue.

(C) Topology diagram of mature (cyan) IL-18 (PDB: 3WO2).

(D) The conformational difference between pro-IL-18 (left panel) and mature IL-18 (right panel), showing the structural rearrangement. For pro-IL-18, the pro-

domain is in green, and the mature domain is in orange except for the region immediately after the cleavage site (purple) and the following disordered loop

(magenta). Mature IL-18 is in cyan except for b1 (purple) and the b2-b3-⍺1 region (magenta). The short b1 in pro-IL-18 rearranges into the long b1 in mature IL-18

(purple). The b* and the following region in pro-IL-18 rearrange into b2-b3-⍺1 in mature IL-18 (magenta).

(E) The crystal structure of the IL-18/IL-18Ra complex (PDB: 4R6U) (left) and a zoom-in view (right), indicating the binding interface between mature IL-18 and IL-

18Ra. The b2-b3-⍺1 region (magenta) in mature IL-18 participates in receptor binding.

See also Figure S7.
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the context of an inflammasome, in which caspase-1 CARD

forms the filamentous scaffold together with an inflammasome

sensor and apoptosis-associated speck-like protein containing

a caspase recruitment domain (ASC). Despite these limitations,

our study provides insights into cytokine processing by cas-

pases from a structural perspective.
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pMSCV-IRES-EGFP caspase-1 W294N This study N/A

pMSCV-IRES-EGFP caspase-1 K296D This study N/A

pMSCV-IRES-EGFP caspase-1 R341E This study N/A

pMSCV-IRES-EGFP caspase-1 R383E This study N/A

pSUMO Caspase-1 p20 (120-297)

C285A/W294N

This study N/A

pSUMO Caspase-1 p20 (120-297)

C285A/K296D

This study N/A

pSUMO Caspase-1 p10 (317-404)

C285A/R341A

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pSUMO Caspase-1 p10 (317-404)

C285A/ R383A

This study N/A

pSUMO Caspase-1 p33 (1-297) D92A/

D103A/D119A/E130A/C285A

This study N/A

pSUMO caspase-1 p22 (120-316) C285A/

D297A/D315A

This study N/A

pSUMO caspase-1 p12 (298-404) C285A/

D315A/D316A

This study N/A

pET SUMO vector ThermoFisher Scientific Cat# K30001

pET SUMO human pro-IL-18 This study N/A

pET28a human pro-IL-18 Devant et. al.42 Addgene # 183390

pET28a human pro-IL-18 LES33AAA Devant et. al.26 Addgene # 214326

pET28a human pro-IL-18 VI47NN Devant et. al.26 Addgene # 214323

pET28a human pro-IL-18 ED192KK Devant et. al.26 Addgene # 214322

pFastBac human pro-IL-18 Devant et. al.26 Addgene #214317

pFastBac human pro-IL-1b This study N/A

Software and algorithms

SerialEM Mastronarde http://bio3d.colorado.edu/SerialEM

CryoSPARC Punjani et al.52 https://cryosparc.com/download/

UCSF ChimeraX 1.6 Pettersen et al.53 https://www.rbvi.ucsf.edu/chimerax/

SBGrid Morin et al. 70 RRID: SCR_003511

Fiji ImageJ NIH https://fiji.sc/

Origin 8.0 OriginLab Corporation,

Northampton, MA, USA

https://www.originlab.com

MotionCor2 Zheng et al.54 http://msg.ucsf.edu/em/software/

motioncor2.html

Relion3.0.8 Scheres55; Zivanov et al.56 https://relion.readthedocs.io/en

UCSF Chimera Pettersen et al.53 https://www.cgl.ucsf.edu/chimera/

Cryo-EF Naydenova and Russo38 https://www.mrc-lmb.cam.ac.uk/crusso/

cryoEF/

3D variability analysis (3DVA) Punjani and Fleet52 https://doi.org/10.1016/j.jsb.2021.107702

PyMol Schrodinger, LLC., 2015 https://pymol.org/2/

COOT Emsley et al.57 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot

PHENIX Adams et al.58 https://www.phenix-online.org

Prism 9 GraphPad https://www.graphpad.com/

Illustrator CC 2019 Adobe https://www.adobe.com/products/

illustrator.html

SparkControl v.3.2 Tecan N/A

PISA EMBL-EBI https://www.ebi.ac.uk/pdbe/pisa/

SBGrid Morin et al.59 RRID: SCR_003511

CYANA (3.98.15) Guntert et al. Herrmann et al.60,61 https://cyana.org

TALOS+ Shen et al.62 http://spin.niddk.nih.gov/bax/software/

TALOS+/index.html

PdbStat Tejero et al.63 https://nmrbox.nmrhub.org/software/

pdbstat

PSVS 2.0 Bhattacharya et al.64 https://montelionelab.chem.rpi.edu/

PSVS/PSVS/

MolProbity Williams et al.65 http://molprobity.biochem.duke.edu

NMRbox Maciejewski et al.66 https://nmrbox.nmrhub.org

Biorender Biorender https://help.biorender.com/en

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, wu@

crystal.harvard.edu.

Materials availability
All plasmids, reagents, cell lines generated in this study are available from the lead contact.

Data and code availability
d Immunoblot images data and microscopy images reported in this paper will be shared by the lead contact upon request.

d All data reported in themain and supplementary data are available upon reasonable request. The electron densitymaps of 3.5 Å

have been deposited in the Electron Microscopy Data Bank (EMDB) with accession codes EMD-40781. The atomic coordi-

nates for caspase-1/pro-IL-18 have been deposited in the Protein Data Bank (PDB) with the accession code 8SV1. The solution

NMR structure of pro-IL-18 apo has been deposited in the PDB with the accession code 8URV and Biological Magnetic

Resource Bank (BMRB) with the accession code 31122.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
All mammalian cells were cultured in humidified incubators at 37�C and 5% CO2. HEK293T cells were cultured in DMEM supple-

mented with 10% fetal bovine serum (FBS), Penicillin + Streptomycin, L-Glutamine and sodium pyruvate, hereafter referred to as

complete DMEM (cDMEM) and cultured in tissue-culture treated 10 cm dishes or T175 tissue culture flasks (Corning). HEK293T cells

were passaged using 0.25% trypsin + EDTA (Gibco). WT THP1 cells were obtained from ATCC. CASP1-/- THP1, THP1 cells trans-

fected with non-target sgRNA and IL18-/- THP1 cells reconstituted with pro-IL-18 mutants (carrying C-terminal Flag tag and N-ter-

minal Myc-tag) were described before.26 THP1 cells were cultured in RPMI supplemented with 10% FBS, Penicillin + Streptomycin,

L-Glutamine and sodium pyruvate, hereafter referred to as complete RPMI (cRPMI) and cultured in suspension culture in T75 or T175

tissue culture flasks (Corning). For differentiation intomacrophages, THP1 cells treated with 100 ng/ml of PMA for 18 – 24h.Sf9 insect

cells were grown in suspension culture in sterile glass flask in Hyclone SFX insect cell media at 28�Cand ambient CO2while shaking at

120 rpm.

Continued
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Other

Superdex 200 increase 10/300 GL column Cytiva Cat# 28990944

HiTrap SP HP, 5 ml Cytiva Cat# 17-1152-01

Amicon ultra 10 kDa cutoff Millipore Sigma Cat# UFC801096

Amicon Ultra 30 KDa cutoff Millipore Sigma Cat# UFC903024

4–15% Mini-PROTEAN TGX Precast

Protein Gels

BIO-RAD Cat# 4561086

4–20% Mini-PROTEAN TGX Precast

Protein Gels

BIO-RAD Cat# 4561096

iBlot� 2 Transfer Stacks, PVDF, mini Thermo Fisher Scientific Cat# IB24002

NativePAGE 3 to 12%, Bis-Tris, 1.0 mm,

Mini Protein Gel, 15-well

Thermo Scientific Cat# BN1003BOX

Formvar/Carbon 400 Mesh, Cu grids Electron Microscopy Sciences Cat# FCF400-Cu

Quantifoil R 1.2/1.3 300 Mesh, Gold Electron Microscopy Sciences Cat# Q3100AR1.3

UltrAuFoil R 1.2/1.3, 300 mesh, Gold Electron Microscopy Sciences Cat# Q350AR13A

Mini-Protean Electrophoresis equipment Biorad Cat# 1658004

PD-10 Desalting Column Cytiva Cat# 17-0851-01

Spark microplate reader Tecan N/A

FACSMelody Cell Sorter BD N/A
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To produce retroviral vectors to reconstitute CASP1-/- THP1 cells with caspase variants, HEK293T cells were used as packaging

cells. 2.5x106 HEK293T cells were seeded in a 10 cm cell culture dish. After overnight incubation at 37�C, cells were transfected with

10 mg of pMSCV IRES EGFP caspase-1 variants of interest, 6 mg of pCL-ECO and 3 mg of pCMV-VSVG using Lipofectamine 2000

(ThermoFisher) according to the manufacturer’s instructions. After 18-24 h at 37�C, media was changed to 6 ml of fresh cRPMI

and virus-containing supernatant was collected 24 h after media change. Supernatants were clarified from cellular debris by centri-

fugation (400 x g, 5 min) and filtered through a 0.45 mm PVDF syringe filter. 1 x 106 THP1 cells were resuspended in 4.5 ml of viral

supernatant supplemented with Polybrene (1:2000; EMD Millipore) and plated in a 6-well plate followed by centrifugation for 1 h

at 1250 x g and 30�C. Cells were transduced twice on two consecutive days to maximize transduction efficiency. GFP+ cells were

sorted twice on a FACSMelody cell sorter (BD Biosciences) to obtain cell lines with stable and homogenous expression of the target

protein. Transgene expression was confirmed by immunoblotting using a rabbit anti-Myc-tag primary antibody (Cell Signaling

Technologies).

METHOD DETAILS

Construct design
The constructs encoding the large (p20) and small (p10) subunits of human caspase-1 were kindly provided by SamXiao (CaseWest-

ern Reserve University).39 The construct encoding the caspase-1 catalytically inactive mutant of p20 (C285A) was kindly provided by

Feng Shao (National Institute of Biological Sciences).35 The pET21b-Casp1-His plasmid containing human full-length caspase-1

(Addgene) was used as a template to subclone p33, p22, or p12 into the pET21a vector without a fusion tag to generate active forms

of caspase-1 truncation. Additionally, p33, p22, or p12 fragments were subcloned to pET28a vector with N-terminal 6xHis-SUMO

tag, further introduced with C285A mutation to generate inactive forms. The quadruple mutations D92A/D103A/D119A/E130A

were introduced to the p33 construct to prevent the self-cleavage between CARD and the p20 subunit. The double mutations

D297A/D315A were introduced to the p22 construct to prevent the p20-generating self-cleavage at the IDL. The double mutations

D315A/D316Awere introduced to the p12 construct to prevent the p10-generating self-cleavage at the IDL. The constructs encoding

human caspase-1 p20 (active and inactive forms) and p10 subunits were used as a template to further introduce site mutations for

validating the binding interface of the caspase-1/pro-IL-18 complex. The constructs encoding human pro-IL-18 and pro-IL-37 car-

rying a C-terminal Myc-tag were generated previously.26 The construct encoding human pro-IL-18 was cloned into a pET28a vector

with an N-terminal 6xHis tag. The construct encoding human pro-IL-1b was cloned into the pFastBac vector with an N-terminal

6xHis-SUMO tag. pMSCV-EGFP vector encoding N-terminally Myc-tagged human caspase-1 was described before42 and is avail-

able on Addgene (#183359). All site-directed mutations were introduced by using the Q5 site-directed mutagenesis kit (NEB).

Cell-based NLRP3 inflammasome assays and immunoprecipitation of IL-1 cytokines
THP1 cells were differentiated with 100 ng/ml of PMA in cRPMI for 18 – 24 h (1 x 105 cells in 200 ml per well in a 96-well plate), then

primed with 1 mg/ml of LPS for 4 h before stimulating them with 20 mM of nigericin for 2-3 h. LDH release into the supernatants was

measured using the CyQuant LDH cytotoxicity assay (Thermo Fisher) and IL-18 or IL-1b amounts were quantified by ELISA (kits from

R&D Systems). To measure IL-18 amounts in combined supernatants and cell lysates, cells were lysed by adding 20 ml of detergent-

containing lysis buffer to each well (provided with CyQuant LDH assay kit).

To analyze cellular cytokine processing, IL-1b and IL-18 were immunoprecipitated from the supernatants of LPS + Nigericin stim-

ulated THP1macrophages. 2 x 106 THP1 cells were seeded in 6-well plates in 2ml of cRPMI + 100 ng/ml PMA for 18-24 h. Cells were

then primedwith 1 mg/ml of LPS for 4 h before stimulating themwith 20 mMof nigericin for 2-3 h. Supernatants were cleared of floating

cells by centrifugation at 400 g at 5 min. Cell-free supernatants were transferred into new tubes and rotated overnight at 4�C in the

presence of 0.5 mg of biotinylated goat anti-human IL-1b antibodies or 0.25 – 0.75 mg of detection antibodies from human IL-18 ELISA

kit (all from R&D Systems) and 20 ml neutravidin agarose beads (Thermo Fisher). IL-18 mutant proteins carrying C-terminal Flag-tags,

were immunoprecipitated using 15 ml of Anti-Flag matrix (Thermo Fisher). The remaining cells were lysed in 1x SDS loading dye and

served as lysate control. Beads were washed three times with PBS pH 7.4 before eluting bound proteins in 50 ml of 1x SDS loading

dye. Immunoprecipitated and cell-associated cytokines were detected by immunoblotting using rabbit anti-human IL-1b antibody

(Genetex), rabbit anti-human IL-18 antibody (MBL). Cell-associated actin was detected as a loading control using a mouse anti-actin

antibody from Sigma.

Protein expression and purification
The expression and purification of the catalytically active caspase-1 including all the auto-processed forms and site mutations were

performed by using a protocol adapted from the previously refolding method.67 Basically, two non-tagged large and small subunits

were transformed in E. coli BL21 (DE3) respectively. 0.5 L bacteria culture for large and small subunits were grown respectively at 37
�Cand inducedwith 0.5mM isopropyl b-d-1-thiogalactopyranoside (IPTG) 4 hrs. at 37 �Cafter OD600 reached 0.8. The bacteria were

lysed and centrifuged at 17,000 g for 30 min. The collected pellets were washed twice with 0.1% Triton-X-100 in buffer A containing

50 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 1 M guanidinium hydrochloride (GdnCl). The pellets were then cleaned up to remove

0.1% Triton-X-100 by washing twice with buffer A. The inclusion bodies were incubated in buffer B containing 6 M GdnCl, 25 mM

Tris-HCl (pH 7.5), 5 mM EDTA, and 100 mM TCEP to achieve a final volume of 6 ml and solubilized overnight. The 6 ml mixture

was diluted into 250 mL of buffer C containing 100 mM HEPES (pH 8.0), 100 mM NaCl, 100 mM sodium malonate, 20% sucrose,
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0.5MNDSB-201 and 10mMTCEP, followed by centrifugation at 17,000 g for 30min. The supernatant was concentrated to 60ml and

dialyzed overnight over buffer D containing 30mM sodium acetate (pH 5.9), 5 mM TCEP, and 5% (v/v) glycerol. The assembled com-

plex was further purified by using HiTrap SP cation exchange chromatography (GE Healthcare Life Sciences) with buffer E containing

30 mM sodium acetate (pH 5.9), 1 M NaCl, 5 mM TCEP, and 10% (v/v) glycerol.

The expression and purification of the catalytically inactive caspase-1 including all the auto-processed forms and site mutations

were performed using soluble expression. Plasmids of large and small subunits were co-transformed in an equal ratio into E. coli

BL21 (DE3) respectively. The bacteria with the co-expression of both large and small subunits were cultured in LB medium and

induced overnight at 18�C with 0.5 mM IPTG after OD600 reached 0.8. The harvest bacteria were lysed in buffer F containing

20 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 1 mM TCEP, with the addition of EDTA-free Protease Inhibitor Cocktail (Sigma Aldrich),

followed by centrifugation at 17,000 g for 30min. The assembled proteins were purified by using Ni-Sepharose beads (GEHealthcare

Life Sciences). The eluted protein was digested with home-made SUMO protease to remove the 6xhis-SUMO tag followed by dia-

lyzing against buffer D. The supernatant was filtered and subjected to HiTrap SP cation exchange column for further purification

against buffer E.

The wild-type (WT) pro-IL-18 and pro-IL-1b protein was expressed in sf9 insect cells by using a baculovirus expression system

(Thermo Scientific) and purified as described.26 Pro-IL-1b was expressed and purified using equivalent protocols. The N-terminal

6xHis-SUMO tag at pro-IL-1b was removed by adding homemade SUMO protease at a ratio of 1:50 (w/w) for pro-IL-1b and

SUMOprotease and incubating overnight at 4�C, before performing the further gel filtration shift assay. The pro-IL18 doublemutation

(VI47NN and ED192KK), and triple-peptide mutation (LES33AAA were expressed in E. coliBL21 (DE3) respectively. The bacteria cul-

ture was grown at 37�C and induced overnight at 18�C with 0.5 mM IPTG after OD600 reached 0.8. The bacteria pellets were har-

vested and lysed by using buffer F with EDTA-free Protease Inhibitor Cocktail, followed by centrifugation at 17,000 g for 30 min. The

supernatant was collected and purified by using Ni-Sepharose beads in buffer F. The fusion protein was eluted from the Ni-NTA

beads with buffer F containing 200 mM imidazole and purified by Superdex 200 10/300 GL size-exclusion column (GE Healthcare

Life Sciences) in the buffer G containing 20 mM HEPES pH 7.5, 150 mM NaCl, and 1 mM TCEP. The eluted protein was digested

with homemade TEV protease to remove the 6xHis tag. Pro-IL-37 was expressed and purified from bacteria with similar procedures

as pro-IL-18. GSDMD was expressed and purified by following the previous protocol.9

Caspase-1 and pro-IL-18 complex assembly
The purified caspase-1 p20/p10 (C285A) and pro-IL-18 were mixed at 37�C for 20 min at 1:2 molar ratio to facilitate the formation of

complex. The mixture was centrifuged at 20,000 g for 10 min and subjected to Superdex 200 10/300 GL size-exclusion column in

buffer G to separate the well-assembled caspase-1/pro-IL-18 complex. The peak from the gel filtration was collected and cross-

linked with 1 mM bis (sulfosuccinimidyl) suberate (BS3) (Thermo Scientific) for 1 h at room temperature. The reaction was quenched

by adding a final concentration of 50 mM Tris-HCl and further purified by gel filtration. The assembled complex was further checked

by negative staining EM and cryo-EM sample preparation (see below).

Negative staining EM
The peak fractions from gel filtration of caspase-1/pro-IL-18 complex were diluted to a final concentration of 0.01 mg/ml for negative

staining EM. 6 ml sample was subjected to a copper grid with carbon support film (ElectronMicroscopy Sciences) glow discharged for

30 seconds using a Pelco EasyGlow (Ted Pella) instrument. The sample was incubated for 1 min before being stained by 6 ml 2%

uranyl acetate solution (Electron Microscopy Sciences) twice for 30 seconds each. The filter papers (Whatman) were used to remove

excess buffer during the staining steps. The sample of the negatively stained grids were imaged on a Transmission Electron Micro-

scope (Joel JEM1400) at 120 keV.

Cryo-EM data collection
The peak fractions of crosslinked caspase-1/pro-IL-18 complex from gel filtration were concentrated to a final concentration of

0.15 mg/ml for cryo-EM sample preparation. 3.3 ml of the protein samples were placed onto glow-discharged cryo-EM grids before

being blotted for 3-5s under 100% humidity at 4 �C and plunged into liquid ethane using aMark IV Vitrobot (ThermoFisher). Quantifoil

R1.2/1.3, gold grids with 400 mesh (Electron Microscopy Sciences), and Quantifoil� UltrAuFoil Gold Holey Carbon Films R1.2/1.3

with 300 mesh (Electron Microscopy Sciences) were used for un-tilted or tilted data collection respectively. Before data collection,

all the grids were pre-screened and optimized at the cryo-EM facility of the University of Massachusetts (UMASS), Harvard Cryo-EM

Center for Structural Biology (HMS), and Pacific Northwest Center for Cryo-EM at Oregon Health & Science University (PNCC) to

check the thickness of the ice and distribution of the particles.

The final datasets were collected in two separate sessions at two tilt angles. The first dataset was collected at UMASS on a Titan

Krios electron microscope (Thermo Fisher Scientific) equipped with a K3 Summit direct electron detector (Gatan) and a post-column

energy filter (Gatan). 4,437 movies were collected at 0� tilt angle under the super-resolution mode with 105,0003 magnification

(0.4125 Å per pixel) with a defocus range varying between�1.0 and�2.5 mmand to record three shots for each hole per stagemove-

ment. For each image stack with 40 frames, the total dose was 55.4 electrons per Å2 The second dataset was collected at HMS using

a Titan Krios microscope (ThermoFisher) operating at an acceleration voltage of 300 keV equipped with BioQuantum K3 Imaging Fil-

ter (Gatan, slit width 20 eV). 3,240movies were collected under the super-resolutionmodewith 105,0003magnification (0.4125 Å per

pixel) with a defocus range varying between�0.8 and�1.8 mmand to record one shot for each hole per stagemovementwith a 30� tilt
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angle, as suggested by cryoEF analysis.38 For each image stack with 40 frames, the total dose was 55.4 electrons per Å.2 SerialEM

was used for automated data collection.

Cryo-EM data processing
SBGrid consortium59 provided the computer support and software for data processing support. For the dataset collected at 0� tilt
angle, raw movies were corrected by gain reference and beam-induced motion by binning twofold with or without dose weighting

using the Relion 3.08 implementation of the MotionCor2 algorithm.54 The motion-corrected micrographs were imported into cryo-

SPARC.68 Patch CTF estimation was performed to determine the defocus value of each micrograph. Blob picking on a random sub-

set of 500micrographswas used to generate a template used for further picking a total number of 4,218,303 particles. Several rounds

of 2D classification were performed to select 468,584 good particles for further ab initio reconstruction to generate initial models. The

initial models were processed with heterogeneous refinement to classify the particles into five classes. Two major classes appeared

indicating proximal and distal conformations, with 141,806 and 129,328 particles individually. The two classes are further processed

by homogeneous refinement with C1 symmetry to achieve 4.2 and 4.0 Å resolution maps for proximal and distal conformations,

respectively. However, orientation preference appeared in both maps.

For the dataset collected at a 30� tilt angle, motion correction was processed similarly as 0� tilt angle. The motion-corrected

and CTF-refined micrographs were used for particle picking. By using the template generated from the 0� tilt angle dataset,

2,811,641 particles were picked for further 2D classification. After several rounds of 2D classification, 329,763 particles were

selected for ab initio reconstruction followed by heterogeneous refined with C1 symmetry. The map showed imprecision of

contrast-transfer function (CTF) estimation indicated by the strong fluctuations of the Fourier shell correlation (FSC) curve. Local

CTF refinement was performed to rectify for per-particle defocus. A total number of 440,340 refined particles from 0� and 30� tilt
angles were combined for several rounds of heterogeneous refinement to select 206,959 good particles. Homogenous refine-

ment was performed with C2 symmetry to achieve 3.5 Å map. The reported resolutions were estimated based on the gold-stan-

dard Fourier shell correlation (FSC) = 0.143 criterion. The cryo-EM map for proximal conformation was corrected and sharpened

by applying a negative B factor using automated procedures in Phenix.69 3D variability analysis (3DVA)52 of caspase-1 and pro-

IL-18 complex were processed in CryoSPARC. Local resolution estimation of all the cryo-EM maps was estimated in

CryoSPARC.

Model fitting and building
The crystal structure of caspase-1 dimer (PDB: 6KN0)39 and IL-18 (PDB: 3WO2)40 were used as templates for fitting. The initial model

fitting into the cryo-EMmap was performed in UCSF ChimeraX.70 The tetrapeptide sequence (33-LESD-36) of pro-IL-18 was manu-

ally built at active site. The model building of the majority part of pro-IL-18 pro-domain, and connecting to the rest part of IL-18 were

performed by COOT.57 The structure of caspase-1 and pro-IL-18 complex was refined by real-space refinement and validated by

model validation in Phenix.58,69 Interaction analysis was conducted by using PISA.41 Per residue Ca–Ca distances between

caspase-1 and pro-IL-18 in the complex were calculated with the Distances function in UCSF ChimeraX.53 Model alignments

were carried out in the matchmaker module in UCSF Chimera. The model schematics were created with BioRender.com.

Crosslinking mass spectrometry
The caspase-1/pro-IL-18 complex was crosslinked by BS3 and quenched by hydroxylamine (Sigma Aldrich) to achieve a final con-

centration of 100 mM. The mixture was subject to gel filtration to exchange into buffer H containing 20 mM HEPES pH 7.5, and

150mMNaCl. The complex was concentrated to a final concentration of 0.15mg/ml for further crosslinkingmass spectrometry anal-

ysis as the previously described method.71

Immunoblotting
All the samples were run with 4-15% or 4-20%Mini-Protein Precast Protein Gels (BIO-RAD) for 25-40 min at 180V. Gels were trans-

ferred to PVDF or nitrocellulose membrane (Fisher Scientific) with the iBlot 2 Gel Transfer Device (Invitrogen). Primary antibodies for

immunoblotting used in this study include monoclonal rabbit anti-human caspase-1, monoclonal rabbit anti-Myc tag, monoclonal

rabbit anti-murine IL-18 (all from Cell Signaling), polyclonal rabbit anti-human IL-18 (MBL), polyclonal goat anti-human IL-1b (R&D

Systems) and monoclonal mouse anti-b-actin (Sigma Aldrich).

In vitro protein cleavage assay
Proteolytic cleavage of purified full-length protein substrates by caspases was assessed as described before.33,34 Active site titra-

tions with the inhibitor zVAD-fmk were performed as described previously to determine the concentration of active caspase in each

protein preparation.72 Two-fold dilution series of the indicated recombinant caspase was incubated with substrate protein at a final

concentration of 50 nM in 40 ml of caspase assay buffer (10mMPIPES pH 7.2, 10% sucrose, 10mMDTT, 100mMNaCl, 1 mMEDTA,

0.1%CHAPS) for 30 min at 37�C. Reactions were stopped by adding 10 ml of 5x SDS loading dye with a reducing agent and boiling at

65�C for 10 min. Cleavage products were separated by SDS-PAGE and analyzed via immunoblotting using rabbit anti-human IL-18

(MBL), rabbit anti-murine IL-18 (Abcam), rabbit anti-Myc (Cell Signaling), rabbit anti-human IL-1b (Genetex) or rabbit anti-GSDMD

(Cell Signaling) primary antibodies. Band intensities were quantified using ImageJ to determine EC50 values and catalytic efficiencies

were calculated using the following equation:
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kcat
Km

=
lnð2Þ

ðEC50 3 tÞ

In vitro peptide cleavage assay
For peptide cleavage assays, recombinant caspase-1 variants were diluted to a concentration of 100 nM in caspase assay buffer

(active caspase concentration as determined by active site titration). To start the reaction, 50 ml of the diluted caspasewas thenmixed

with 50 ml of the chromogenic tetrapeptide substrate Ac-WEHD-pNA (100 mM final concentration) in the same buffer (final concen-

tration of caspase was 100 nM in a total volume of 100 ml) in a clear 96-well plate. Absorbance at a wavelength of 405 nm was

measured every 10 s for 30 min using a Tecan Spark plate reader with temperature control set to 37�C. Substrate solution was pre-

warmed to 37�C before adding to the caspase to ensure homogeneous assay conditions.

Gel filtration shift assay
To evaluate the binding between caspase-1 and pro-IL-18 or pro-IL-1b, a gel filtration shift assay by size exclusion chromatography

(SEC) was performed. 200 ml of 20 mMcatalytically inactive caspase-1 and 50 ml of 150 mMpro-IL-18 variants weremixed at (1:2molar

ratio) in SEC buffer (25mMHEPES pH 7.4, 150mMNaCl) with excess pro-IL-18 to allow the saturation of caspase-1. After incubation

at 37�C for 20 min, gel filtration was performed on an AKTA Chromatography system equipped with a Superdex 200 Increase 10/300

column.

Cloning, expression, purification, and sample preparation for NMR studies
Isotopically enriched samples of pro-IL-18 ([U-13C,15N]- and [U-5%-13C,100%-15N]-pro-IL-18) were expressed and purified from

E. coli. Briefly, the 193-residue coding sequence of pro-IL-18 was cloned into the Champion pET SUMO vector (ThermoFisher Scien-

tific) in framewith anN-terminal 6xHis andSUMO tag, transformed intoEscherichia coliBL21 (DE3) cells, andexpressed inM9minimal

medium containing either U-15NH4Cl and U-13C-glucose as the sole nitrogen and carbon sources for the production of a U-13C,15N

sample or U-15NH4Cl and 5% U-13C-glucose/95% 12C-glucose for generating [U-5%-13C,100%-15N]-pro-IL-18. Initial cell growth

was carried out at 37 oC, and protein expression was induced at 25 oC by 0.1 mM IPTG at an OD600 of 0.8 and continued for 20 hours.

Protein purification was carried out at room temperature using 20mM Tris buffers at pH 8. Cells were lysed by sonication on ice in the

presence of 0.5 MNaCl and a trace of DNase I. Clarified cell extracts were loaded onto a Ni-NTA column, purified by a wash step with

10mM imidazole, and then the 6x His labeled protein was eluted using 0.3M imidazole. The 6x His and SUMO tagswere then cleaved

byhomemadeUlp1proteaseduringanovernightdialysis step to remove the imidazole, in thepresenceof 0.1MNaCl.A secondNi-NTA

stepwas performed in which the tag-less pro-IL-18 is found in the flow-through. Subsequently, pro-IL-18was subjected to size exclu-

sion chromatography using a prepacked 16/600 Superdex 75 column in the presence of 50 mMNaCl. The final yield of purified isoto-

pically-enriched pro-IL-18 was approximately 22 mg/L of culture. Sample purity and molecular mass were confirmed by SDS-PAGE

andmass spectrometry. Samples of [U-13C,15N]- and [U-5%-13C,100%-15N]-pro-IL-18 for NMR spectroscopywere concentrated by

ultracentrifugation to 0.5 mM in 20 mM MES, 50 mM NaCl, and 10 mM DTT at pH 6.5, and 3% D2O was added to each sample. In

contrast, the sample for recording the 13C-edited NOESY was in 99.8% D2O and pD (uncorrected) was 6.1.73

NMR spectroscopy
NMR experiments were collected at 25 oC on Bruker AVANCE NEO 23.5 T (1.0 GHz) and AVANCE III HD 18.8 T (800 MHz) and 14.1 T

(600 MHz) NMR spectrometers equipped with 5-mm TCI triple-axis gradient cryoprobes. The recorded data were processed with

NMRpipe,74 and analyzed using NMRFAM-SPARKY.75 Automated backbone resonance assignments were made using I-PINE,76

based on peak lists from gradient-enhanced sensitivity 2D 1H-15N HSQC77 and 3D HNCO, HN(CA)CO, C(CO)NH and HNCACB78

spectra, and were validated by manual inspection of an HNN spectrum.79 Side chain assignments were completed manually using

3D HBHA(CO)NH,80 as well as H(CO)NH, C(CO)NH experiments,81 and a C(CA)NH TOCSY experiment derived from the C(CO)NH.

Stereospecific isopropyl methyl resonance assignments for all Val and Leu residues were determined from a constant time 1H-13C

HSQC spectrum recorded on [U-5%-13C]-pro-IL-18,82 with a constant-time delay of 28 ms during which 13C chemical shift is re-

corded.83,84 Aromatic side chain assignments were obtained from 2D (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE experiments85

and confirmed with a short mixing time (tm = 40 ms) 2D NOESY dataset. Methionine methyl assignments were deduced from a

2D long-range (Cb/Cg / Cε) J-correlation experiment.86 Sidechain c1 dihedral angles for Ile, Thr, Val, and aromatic (Phe and Tyr)

residues were derived from three-bond 13Cj-13CO and 13Cj-15N couplings where j is either a methyl carbon87,88 or an aromatic Cg

carbon.89 Interproton distance restraints for structure determination were obtained from 3D gradient-enhanced77 {1H, 15N, 1H}

and {15N, 15N, 1H} NOESY-HSQC experiments,90 and a 3D {1H, 13C, 1H} NOESY-HSQC dataset91 recorded in D2O, all acquired

with a mixing time of 150 ms, 23.5 T. All 3D experiments were obtained using non-uniform sampling (NUS) with a Poisson-Gap sam-

pling schedule,92 and reconstructed using the SMILE algorithm93 within NMRPipe.

In order to assess the mobility of the pro-IL-18 backbone at each amide site we have measured 15N longitudinal (R1) and R1r relax-

ation rates, with 15N R2 values calculated as94

R2 =
R1r

sin2
q
� R1

tan2 q
[Equation 1]
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In Equation 1 sin q = u1
ffiffiffiffiffiffiffiffiffiffi

u2
1
+U2

p and tan q = u1

U , with u1 and U the spin-lock power and the offset of the 15N spin in question from the

15N carrier frequency, respectively. 15N spin relaxationmeasurements were recordedwith pulse sequences similar to those in Farrow

et al.,95 with the exception that a spin-lock element was used to measure R1r rates rather than refocused free-precession of magne-

tization from which R2 rates are obtained. A series of 2D datasets were recorded with delays of (0.01, 0.25, 0.5, 1.0, 1.5) s and (5, 10,

15, 20, 25, 30, 35, 40, 45, 50, 55, 65, 75) ms for R1 and R1r measurements, respectively, and a 15N spin lock power of 2,000 Hz (R1r).

These experiments were recorded at 23.5 T.

Solution NMR structure refinement
The solution NMR structure of the apo-form of pro-IL-18was calculated using the latest version of CYANA (3.98.15)60,61 suppliedwith

peak intensities from NOESY-HSQC spectra detailed above, together with dihedral angle constraints derived from TALOS+62 (4, c ±

20� or 30� based on the TALOS+ analysis results) restricted to residues with confidence scores of 10 and only in secondary structural

elements. NMR-derived c1 dihedral angle restraints (± 30�) were added to the calculations in the final stages of the structure deter-

mination. Automated NOESY assignment CYANA structure calculations were performed with an upper distance bound limit set to

6.0 Å over seven cycles, in which the 20 lowest target function structures out of 100 were retained per cycle. The best 10 structures

from the final cycle of CYANAwere further refined using restrained energy minimization following the Rosetta FastRelax protocol96,97

using Rosetta version 3.12 running in NMRbox.66 The ramp_constraints flag was set to false to preserve the constraints throughout

the entirety of the minimization. PdbStat63 was used to convert coordinates, distance, and dihedral angle restraints from CYANA to

the Rosetta3 format, and upper distance bounds were increased by 20%, and those within disordered (loop) regions of the structure

increased by an additional 1.0 Å. Distance and dihedral restraints were applied in Rosetta using harmonic and circular harmonic func-

tions, respectively, with a weight of 1.0. Each of the 10 final CYANA structures was subjected to 10 restrained Rosetta relax calcu-

lations, and the lowest energy structure from each calculation was retained to produce the final ensemble of 10 pro-IL-18 structures

reported. For one of the final CYANA structures, the second lowest energy structure of the 10 relax calculations was used in the

ensemble in order to keep the tautomerization state of H145 consistent across each structure in the ensemble. Structural statistics

and global structure quality factors were obtained from the PSVS 2.064 and MolProbity65 servers (Table S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. GraphPad Prism software was used for data analysis. The data

shown are representative of three independent experiments. Bars and error bars represent the mean ± SEM of at least three inde-

pendent experiments. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test:

**p < 0.01; ***p < 0.001; ****p < 0.0001.
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