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Structural basis of the IL-1 receptor
TIR domain-mediated IL-1 signaling

Jianjie Zhou," Yu Xiao," Yifei Ren," Jiwan Ge,! and Xinquan Wang'?*

SUMMARY

The cytoplasmic Toll/interleukin-1 receptor (TIR) domains of IL-1 receptors (IL-
1Rs) are evolutionally conserved and essential for transmitting signals. IL-
1RACP is a shared co-receptor in the IL-1R family for signaling. Its splicing form
IL-1RAcPb contains a different TIR domain and is unable to transduce NF-xB
signaling. Here, we determined crystal structures of TIR domains of IL-1RAcPb
and other IL-1Rs including IL-18RB, IL-1RAPL2, and zebrafish SIGIRR (zSIGIRR).
Structurally variant regions in the TIR domain important for signaling were re-
vealed by structural comparisons. Taking advantage of the IL-1RAcP/IL-1RAcPb
pair, we demonstrated that differential TIR domain determines signaling
discrepancies between IL-1RAcP and IL-1RAcPb. We also proved the functional
importance of two helices («C and aD) in the structurally variable regions and
pinpointed critical residues in oC and oD for signaling. These results collectively
provide additional and important knowledge for fully understanding the molecu-
lar basis of IL-1R TIR domain in mediating signaling.

INTRODUCTION

The IL-1 family cytokines play important roles in both innate and adaptive immune responses, and are involved
in a variety of immune and inflammatory diseases, or even cancer (Dinarello, 2009; Narayanan and Park, 2015;
Sims and Smith, 2010). These eleven cytokines include seven agonists (IL-1ea, IL-1B, IL-18, IL-33, IL-36a, IL-36p,
and IL-36y), three receptor antagonists (IL-1Ra, IL-36Ra, and IL-38), and one anti-inflammatory cytokine 1L-37
(Fields et al., 2019). The representative IL-1B, one of the earliest studied interleukins, is a strong inflammatory
cytokine, mediating non-specific effects in inflammatory responses, activating immune cells, and inducing the
expression and secretion of inflammatory cytokines and chemokines (Gabay et al., 2010). The IL-1 family cyto-
kines exert active functions by binding to the corresponding IL-1 receptors (IL-1R) on the surface of target cells.
The IL-1R family members, belonging to the Toll/IL-1 receptor (TIR) domain receptor superfamily, are single-
pass transmembrane proteins (Boraschi and Tagliabue, 2006). Their extracellular part, which is responsible
for the recognition of cytokines and the assembly of cytokine/receptor signaling complexes, usually contains
three Ig-like domains, while their intracellular part contains a TIR domain crucial for downstream signal trans-
duction (Boraschi et al., 2018). There are ten members in the IL-1R family, comprising primary receptors IL-1RI
(also known as IL-1R1), IL-1RII (IL-1R2), ST2 (IL-1R4), IL-1Rrp2 (IL-1Ré), and IL-18Ra. (IL-1R5), co-receptors IL-
TRACP (IL-1R3) and IL-18Rp (IL-1R7), inhibitory receptor SIGIRR (IL-1R8), and two orphan receptors IL-1RAPL1
(IL-1R9) and IL-1RAPL2 (IL-1R10) (Boraschi et al., 2018). The signal transduction pathway starts with the recog-
nition of IL-1 agonist by the primary receptor and the subsequent recruitment of the co-receptor. These two
receptors then juxtapose their intracellular TIR domains and bind cytosolic adaptors such as myeloid differen-
tiation primary response protein 88 (MyD88), triggering a cascade of kinases and finally activating the NF-xB
and MAPK signaling (Dinarello, 2009). For example, IL-1p binds to its primary receptor IL-1RI and then recruits
the co-receptor IL-1RACP to form a signaling-competent ternary complex IL-1p/IL-1RI/IL-TRAcP (Dinarello,
2009). Other signaling complexes in the family include the IL-1a/IL-1RI/IL-1RACP, IL-33/ST2/IL-1RACP, IL-36a/
IL-1Rrp2/IL-1RACP, IL-36pB/IL-1Rrp2/IL-1RACP, IL-36y/IL-1Rrp2/IL-1RACP, and IL-18/IL-18Re/IL-18RB (Dinarello,
2009; Garlanda et al., 2013; Sims and Smith, 2010). As a shared co-receptor, IL-1RAcP not only mediates the
signal transduction of agonists IL-1a., IL-1B, IL-33, IL-36a, IL-36B, and IL-36y but also is involved in forming
non-signaling ternary complexes such as IL-1a/IL-1RII/IL-1RAcP and IL-1B/IL-1RII/IL-1RACP for negative regu-
lation (Dinarello, 2009; Garlanda et al., 2013; Sims and Smith, 2010).

IL-TRACP is widely expressed in various types of cells including neurons and glial cells in the nervous system,
reflecting its important roles in mediating and regulating the activities of the IL-1 family cytokines (Smith
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et al., 2009; Yabuuchi et al., 1994). There exists a splice isoform of IL-TRAcP, namely IL-TRAcPb (IL-1R3b),
whose expression is restricted in the CNS (mainly in neuronal cells) (Huang et al., 2011; Smith et al.,
2009). Current studies indicate that IL-1RAcPb plays an important role in regulating the response of the
CNS to IL-1B (Gosselin et al., 2013; Huang et al., 2011; Nguyen et al., 2011; Prieto et al., 2015; Smith
et al., 2009). For example, IL-TRAcPb is able to modulate the activity of MAPK p38 with the presence of
IL-1RACP in neurons and it was also shown to induce Src phosphorylation and to enhance N-methyl-D-
aspartate (NMDA)-induced calcium influx in neurons (Huang et al., 2011). However, IL-1RAcPb was shown
to be unable to mediate the NF-kB activation, although itis able to form a ternary complex with IL-1B/IL-1RI
like IL-TRACP (Smith et al., 2009). Owing to the distinct usage of the last exon, IL-1RAcP and IL-1RAcPb differ
in the intracellular TIR domain and the C-terminal tail that follows it (Smith et al., 2009). Considering their
function discrepancies, IL-1RAcP and its isoform IL-1RAcPb form a good receptor pair for the study of the
IL-1R TIR domain and the C-terminal tail in mediating and modulating the IL-1 signaling.

The complex structures of IL-1B, IL-1Ra, IL-18, and IL-33 bound by their receptor extracellular domains have
been determined (Gunther et al., 2017; Liu et al., 2013; Schreuder et al., 1997; Thomas et al., 2012; Tsutsumi
etal., 2014; Vigers et al., 1997; Wang et al., 2010; Wei et al., 2014), providing important insights into extra-
cellular ligand recognition and receptor assembly in the IL-1/IL-1R family. However, our structural knowl-
edge about the IL-1R TIR domain is extremely limited, with only the reported crystal structure of the orphan
receptor IL-TRAPL1 TIR domain (Khan et al., 2004). The IL-1R TIR domains are supposed to share structural
fold and signaling mechanisms, but the relatively low sequence identities in the range of 25%-37% (except
for 74% of that between IL-1RAPL1-TIR and IL-1RAPL2-TIR) indicate important differences in determining
their specificities. Here, we determined the crystal structure of the IL-1RAcPb TIR domain, as well as the TIR
domains of other IL-1Rs including IL-18RB, IL-TRAPL2, SIGIRR, and its mutant SIGIRR-C299S. Structural
comparisons of these IL-1R TIR domains suggest key functional segments in mediating NF-kB activation,
which were further confirmed by mutagenesis and luciferase assay using the IL-1RAcP/IL-1RAcPb receptor
pair. Our results collectively provide additional structural and biochemical knowledge for fully understand-
ing the molecular basis of the IL-1R TIR domain in mediating signaling.

RESULTS
Structure determination and analyses of the IL-1R TIR domain

To explore the mechanism by which the IL-1R TIR domain exerts its signal transduction function, we first
attempted to determinate the crystal structures of multiple TIR domains of this family, especially the
core co-receptor IL-1RAcP and its alternative splicing form IL-1RAcPb. Although we tried several constructs
with variant domain boundaries and different expression systems, the recombinant IL-1RAcP-TIR always
had a strong tendency of aggregation to prevent crystallization. In contrast, the IL-1RAcPb-TIR was ex-
pressed and purified with good biochemical properties and its crystal structure was determined at
2.14 A resolution (Table 1). We also successfully determined the crystal structures of the TIR domains of
IL-18RP (1.88 A), IL-TRAPL2 (2.99 A), and zebrafish SIGIRR (zSIGIRR-TIR, 3.04 A) and its mutant zSIGIRR-
C299S-TIR (1.88 A) (Table 1). IL-1RAcPb-TIR, IL-1TRAPL2-TIR, and IL-18RB-TIR are all monomeric in solution,
and in their crystal structures, the asymmetric unit contains one IL-1RAcPb-TIR, one IL-TRAPL2-TIR, and four
IL-18RB-TIR molecules, respectively. The zSIGIRR-TIR exhibited both dimer and monomer in solution. For
the three molecules in the crystal asymmetric unit, two are linked by an inter-chain disulfide bond C299-
C299. When this cysteine was mutated to serine, the zSIGIRR-C299S-TIR was monomer in solution and
there is one molecule in the crystal asymmetric unit. The monomeric zSIGIRR-TIR and zSIGIRR-C299S-
TIR structures are nearly identical (Figure S1). Therefore, we utilized IL-1RAcPb-TIR, IL-18RB-TIR, IL-
1RAPL2-TIR, and zSIGIRR-TIR for the following structural analyses and comparison. These four TIR domains
all adopt a typical fold with five parallel B-strands surrounded by five helices, named BA-aA-BB-aB-BC-a.C-
BD-aD-BE-o.E from the N-to C-terminus, which are connected with loops including AA, AB, BB, BC, CC, CD,
DD, DE, and EE (Figure 1A).The DALI sever was used to compare structures of the IL-1R TIR domains, con-
taining the previously reported structure of the IL-TRAPL1-TIR, and the relevant parameters were pre-
sented, including Z score, RMSD value, lali, nres, and identity (Holm, 2020) (Table S1). Structural compar-
isons among them show that the helix aC has three different orientations among the IL-1R TIR domains.
Specifically, IL-TRAcPb-TIR and IL-18RB-TIR are similar by comprising a continuous aC helix (Figure 1A).
In contrast, IL-1RAPL1T and IL-1RAPL2 TIR domains are similar by having a discontinuous aC helix with a
90° turn in the middle (Figures 1A and 1B). Although zSIGIRR-TIR also has a continuous aC helix, it has a
positional angle difference from the aC of IL-1RAcPb-TIR after overall structural alignment (Figures 1A
and 1B). The aD is another structurally variable region among the IL-1R TIR domains (Figure 1A).
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Table 1. Diffraction data and structure refinement

IL-1RACPb-TIR

IL-18RB-TIR

IL-1RAPL2-TIR

zSIGIRR-C299S-TIR

zSIGIRR-TIR

Data collection

Space group

Cell dimensions

P2:2424

P 2,

P4;2,2

P 2,212

C222

a, b, c(A) 34.63,51.17,78.48 39.76,161.07, 52.16 51.14,51.14, 184.78 31.74, 61.61, 69.53 84.00, 145.36, 75.66
o, B,y () 90, 90, 90 90, 112.44, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A) 50.00-2.14 (2.19-2.14)"  50.00-1.88 (1.92-1.88)  49.29-2.99 (3.15-2.99)  50.00-1.88 (1.92-1.88)  50.00-3.04 (3.09-3.04)
Rsym OF Rmerge 0.13(0.76) 0.08(0.50) 0.16(1.72) 0.13(0.54) 0.09(0.69)
Mean I/sigma(l) 13.4(1.7) 13.0(0.9) 19.6(3.1) 13.0(1.4) 11.1(2.6)
Completeness (%) 97.25 (84.67) 95.61 (83.56) 99.8(100.0) 91.83(57.42) 99.8(100.0)
Redundancy 10.3 (5.1) 4.6(2.6) 24.0(26.3) 9.2(2.9) 10.3(10.9)
Refinement
No. reflections 7,875 (663) 46,801 (4,060) 5,452 (515) 10,663 (631) 9,184(455)
Ruork! Reree (%) 19.99/24.31 18.64/22.26 24.03/28.25 19.77/23.92 23.88/27.33
No. atoms (Protein) 1,184 4,616 1,289 1,225 3,623
B-factors (A?) (Protein) ~ 34.57 35.45 87.42 22.91 74.0
R.m.s. deviations
Bond lengths (A) 0.007 0.010 0.012 0.009 0.012
Bond angles (°) 0.90 1.37 1.49 1.08 1.43
Ramachandran plot (%)
Favored 98.6 96.0 92.1 98.0 95.8
Allowed 0.69 3.60 6.62 2.05 3.01
Outliers 0.69 0.36 1.32 0.00 1.16

One crystal for the data.
®Values in parentheses are for highest resolution shell.

IL-TRAPL1-TIR and IL-1RAPL2-TIR have a relatively long and continuous aD, zSIGIRR-TIR has a nearly 180°
kinked aD, and IL-TRAcPb-TIR has a short aD. The aD of IL-18RB-TIR is unique by adopting a position that is
almost perpendicular to those of other IL-1R TIR aD helices. Of note, the aD of IL-18RB-TIR is more struc-
turally similar to the TLR TIR domains (Jang and Park, 2014; Nyman et al., 2008; Xu et al., 2000) than other IL-
1R TIR domains (Figure S2). In the TLR family, although there are some local structural variations in the TIR
domain structure (mainly in the aC and nearby regions) (Figure S2), their overall conformation similarity is
higher than that among IL-1R TIR domains, which also correspond to the higher sequence identity of the
TIR domains in the TLR family than in the IL-1R family. The sequence identities are more than 50% among
the TLR TIR domains, and that between TLR1-TIR and TLR4-TIR is as high as 87%.

The variant TIR domain determines the inability of IL-1RAcPb in mediating NF-«xB activation
Owing to the usage of the exon 12b instead of exon 12, IL-1RAcPb differs from IL-1RAcP in two regions: the
TIR domain and the C-terminal tail that follows it (Smith et al., 2009) (Figure 2A). Sequence alignment
showed that IL-TRAcPb and IL-1RAcP are identical in the extracellular part and the transmembrane region
(Figure S3). Their TIR domains are different in the C-terminal region encoded by exon 12 in the IL-1RAcP
and by exon 12b in the IL-1RAcPb, and the amino acid sequence identity in this region is only 35%
(Figures 3A and S3). In addition, after the TIR domain, the C-terminal tail in the IL-1RAcPb (~140 residues)
is much longer than that (~24 residues) in the IL-1TRAcP (Figure S3). It has been reported that IL-1RAcPb
binds to the IL-1/IL-1RI binary complex to form a ternary complex, but it cannot mediate the canonical
IL-1 signaling. Therefore, we utilized the IL-1RAcP/IL-1RAcPb pair to explore the structure-function rela-
tionship of the TIR domain.

We first explored whether the C-terminal long tail in the IL-TRAcPb exerts an inhibitory effect on signal
transduction. To this end, we constructed a clone of IL-1RAcPb with its C-terminal tail deleted

iScience 25, 104508, July 15, 2022 3
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A IL-18RB-TIR IL-1RAPL2-TIR B

Figure 1. Crystal structures of TIR domains of several IL-1R family members and their comparisons

aC of zSIGIRR-TIR

iScience

IL-1RACPb-TIR & IL-1RAPL2-TIR

N 4C of IL-1RACPB-TIR

(A) Shown are the cartoon figures of monomeric TIR domain structures of IL-1RAcPb (cyan), IL-18Rp (slate), IL-1RAPL2 (tv_orange), IL-TRAPL1 (PDB ID: 1T3G,
yellow), and zSIGIRR (green). With IL-1RAcPb-TIR as an example, its secondary structure elements are labeled according to the convention of Xu et al. (2000).
oC and oD regions of all these members are labeled red and magenta, respectively. These structures are all presented in analogous orientations.

(B) Cartoon representation of the superposition of the TIR domains from IL-1RAcPb and IL-1RAPL2/zSIGIRR. The aC helix of IL-1RAcPb-TIR, IL-1RAPL2, and

zSIGIRR-TIR are labeled as cyan, orange, and green, respectively.

(IL-TRAcPb-AC) (Figure 2B). Correspondingly, the C-terminal tail of IL-1RAcPb was added to the C-terminus
of IL-TRAcP in another clone (IL-1RAcP + bC) (Figure 2B). In parallel, we also constructed an IL-1RAcP clone
with the absence of its own C-terminal tail (IL-TRAcP-AC) (Figure 2B). We examined the abilities of these IL-
1RACPb or IL-1RAcP mutants in mediating NF-kB activation after expressing them in HEK293T-IL-1RACP-
KO cells we previously reported by dual-luciferase reporter assay (Ge et al., 2019). After the transient
expression of the wild-type IL-1RAcP, the HEK293T-IL-1RAcP-KO cells responded well to IL-1B treatment
by showing detectable NF-«kB activation (Figure 2B). Consistent with previous reports (Huang et al.,
2011; Smith et al., 2009), wild-type IL-1RAcPb was not able to stimulate the NF-kB activity upon IL-1p treat-
ment (Figure 2B). After deleting the C-terminal tail, the IL-TRAcPb-AC still could not gain the signaling
function, and adding this long tail to the C-terminus of IL-1TRAcP (IL-1RAcP + bC) also did not significantly
inhibit its signaling function (Figure 2B). Likewise, the signaling function of IL-TRAcP-AC with its own short
C-terminal tail deleted was also not significantly affected (Figure 2B). All these results indicate that neither
the long C-terminal tail of IL-TRAcPb nor the shorter one of IL-1RAcP significantly affect the ability of IL-
1RACP in mediating NF-«kB activation after IL-1B treatment. This also led us to assume that the inability
of IL-1RAcPb in mediating NF-kB activation like IL-1RAcP is rooted in its variant TIR domain, not the C-ter-
minal tail.

aC and aD of the TIR domain as the key regions affecting IL-1RAcP signaling

Sequence alignment showed that within the IL-1RAcP and IL-1RAcPb TIR domains, the N-terminal fragment
and three classic sequence motifs (box1, box2, and box3) (Bowie and O'Neill, 2000) are conserved, whereas
otherregions in the TIR domain share only 35% sequence identity (Figure 3A). Currently, we do not have the
structure of IL-TRACP-TIR for direct comparison with that of IL-1RAcPb. However, the above structural
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Figure 2. Genomic organization, protein architecture of IL-1RAcP isoforms, and measurement of effects of their C-terminal tail mutants on NF-xB
activation signal

(A) A schematic representation of intron-exon map of human IL-1RAcP locus, alternative splicing, and subsequent translation that leads to the production of
protein isoforms. Exons (3-12) encode the mature IL-1RAcP proteins, and differentiated utilization of exon 12 results in two different isoforms, which are
distinguished in their TIR domains and C-terminal tails.

(B) Detection of the effects of IL-TRAcP and IL-1RAcPb C-terminal tails on NF-kB signaling. Each of IL-TRAcP-AC, IL-1RAcP + bC, IL-1RAcPb-AC mutants, IL-
TRACP-WT, IL-TRAcPb-WT, or empty constructs was co-transfected with luciferase reporter genes into 293T-IL-1RAcP-KO cells (with endogenous expression
of IL-1RI). Then, cells were incubated with titrated concentrations of 5 nM IL-1p for 7 h prior to cell lysis. Finally, the NF-kB activity was measured by dual-
luciferase reporter assay. All values represent means + SD (n = 3). Significant differences between IL-1RAcP-WT group and the other groups were estab-
lished by Student’sttest. **p <0.01, ****p < 0.0001. The protein levels of various IL-1RAcP were measured by Western blot analysis with the whole-cell lysate.
The experiments were performed independently at least three times.

comparisons and analyses of IL-1R and TLR TIR domains clearly indicated that the aC and aD regions are
variable and play important roles in the functional discrepancies between IL-1RAcP and IL-1RAcPb.

To explore the key segments for signal transduction discrepancy between IL-1RAcP and IL-1RAcPb, we
constructed two IL-1RAcP mutants, in which the segments corresponding to aC and aD regions were re-
placed by the equivalents from IL-1RAcPb. Several similar substitutions were also made in other regions
that were structurally similar but sequentially different from eliminating their possible influence on
signaling function. These mutants were termed IL-1RAcP-b-swap1 to IL-1RAcP-b-swap? (Figure 3A). The
boundaries of these segments were chosen by considering sequence alignment and secondary structures
derived from the crystal structure of IL-TRAcPb-TIR (Figures 3A and 3B). The swapped segments in IL-
1RACP-b-swap1, IL-1RAcP-b-swap4, IL-1RAcP-b-swapé, and IL-1RAcP-b-swap? approximately correspond
to aB, aC, aD, and aE, respectively. IL-1RAcP-b-swap2, IL-1RAcP-b-swap5, and IL-1RAcP-b-swap7 have re-
placements around BC, BD, and BE. The remaining two mutants (IL-1RAcP-b-swap3 and IL-1RAcP-b-swap8)
mainly correspond to connecting loops. We first checked if these segment replacements affected protein
expression in 293T-IL-1RAcP-KO cells. Western blot analysis showed that IL-1RAcP-b-swap5 and IL-1RAcP-
b-swap7 showed poor expression, whereas wild-type IL-1RAcP and other mutants showed normal expres-
sion (Figure 3C). The 293T-IL-1RAcP-KO cells expressing these IL-1RAcP mutants were treated by IL-1 and
assessed by the NF-kB dual-luciferase reporter assay. It was shown that IL-1RAcP-b-swap4, IL-1RAcP-b-
swap5, IL-TRAcP-b-swapé, and IL-1RAcP-b-swap7 substantially or even completely lost the function of
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Figure 3. Sequence alignment of IL-1RAcP and IL-1RAcPb, division of swap regions of their TIR domains, and
measurement of the effects of a series of IL-1RAcP swapping mutants on NF-«kB activation signal

(A) Alignment of C termini of IL-1RAcP and IL-1RAcPb isoforms. Stars (*) indicate conserved residues between IL-1RAcP
and IL-1RAcPb. Specific structural or signaling-associated motifs are indicated.

(B) Division of Swap regions in IL-TRAcPb-TIR based on sequence alignment and structural analysis. aB to aE of IL-
1RAcPb-TIR are marked as Swap1 to Swap9 successively, and labeled by distinct colors. The Swap regions of IL-TRAcP-TIR
and IL-1RAcPb-TIR are also shown in (A).

(C) Detecting the effects of a series of IL-1RAcP swapping mutants on NF-kB signaling. A series of IL-1RAcP mutants with
swapped sequence (from Swap1 to Swap9) stemming from the corresponding regions of IL-1RAcPb were constructed.
Each of these mutants, IL-TRAcP-WT or empty constructs was co-transfected with luciferase reporter genes into
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Figure 3. Continued

293T-IL-1RAcP-KO cells. Subsequently, cells were stimulated by titrated concentrations of 5nM IL-1B for 7 h prior to
celllysis. The NF-kB activity was then measured. Data are shown as mean + SD (n = 3). Significant differences between
IL-TRACP-WT group and the other groups were established by Student’s t test. *p < 0.1, **p < 0.01, ***p < 0.001,
*kKkk

p < 0.0001. The protein levels of various IL-1RAcP were measured by Western blot analysis with the whole-cell
lysate. The experiments were performed independently at least three times.

mediating the activation of NF-kB signaling pathway (Figure 3C). The signaling function of IL-1RAcP-b-
swap1 and IL-1RAcP-b-swap3 was partially affected, and that of IL-1RAcP-b-swap2, IL-1RAcP-b-swap8,
and IL-TRAcP-b-swap9 was hardly impacted (Figure 3C). These results collectively indicate that failure of
IL-TRAcP-b-swap5 and IL-1RAcP-b-swap7 to mediate NF-kB activation may be attributed to their inability
of effective expression, and the swap1, swap3, swap4, and swapé regions all are involved in the signaling
function of the IL-TRAcP. Notably, nearly inactive IL-1RAcP-b-swap4 and IL-1RAcP-b-swapé strongly sug-
gest that aC and aD are the key determining regions of the IL-1RAcP signaling function. This conclusion
is also consistent with crystal structure comparisons showing that the aC and aD are the most structurally
variable regions in the TIR domain (Figure 1).

Important sites in the IL-1RAcP TIR domain affecting signaling

We also sought to pinpoint amino acid residues in the IL-TRAcP that are important for activating signaling.
Based on sequence alignment, a series of single-site IL-TRAcP mutants were generated by changing the
amino acid residues of IL-1RAcP-TIR individually to those of IL-1RAcPb-TIR, followed by the NF-kB dual-
luciferase reporter assay (Figures 4A and S4A). We generated a total of thirty-eight IL-TRAcP mutants
with single-site amino acid residue change in the swap4, swap5, swapé, and swap7 regions (Figure 4A).
Among them, ten mutations including A485L, M490Q, A491N, 1494A, V496K, Y501E, K502Y, V504P,
E511G, and L519V significantly impaired the ability of IL-TRAcP in activating the NF-«B triggered by IL-
1B (Figures 4A and 4B). And the Western blot experiment displayed that only IL-TRAcP mutants harboring
V496K or Y501E mutation were not expressed normally (Figures 4A and 4B). For the remaining eight mu-
tants that affecting the signaling, A485L, M490Q, A491N, and 1494A are in the swap4 region around the
aC, while K502Y, V504P, E511G, and L519V are in the swapé region around the aD (Figure 4B). We also
generated a total of fourteen IL-TRAcP mutants with single-site amino acid residue change in the swap!
and swap3 regions (Figure S4A). The luciferase assay results show there are no mutations that have a
significant effect on the NF-kB activation. In addition, we noticed that IL-1TRAcP TIR domain has a short
insertion of -RG- at the C-terminus of the aC compared with that of IL-1RAcPb. The IL-TRAcP-ARG mutant
with -RG- deletion failed to transduce IL-1B signal (Figure S4B). We also generated IL-1RAcP-RG-AG and
IL-TRACP-RG-EG mutants by changing the basic arginine to alanine or acidic glutamate, and these two
IL-1RAcP mutants still transduced the IL-1B signal as well as the wild-type protein (Figure S4B). These
results indicated that the glycine at the C-terminus of the aC plays a role in IL-1RAcP-mediated signaling
(Figure 3A). Finally, after mapping these important sites for signaling on the surface of the IL-1RAcPb crystal
structure, two separate patches could be defined with the Patch 1 consisting of Q490, N491, A494, and
V519 and the Patch 2 consisting of Y502 and P504 (Figure 5).

IL-1RAcPb mutants partially mediating NF-kB activation

We have shown that swapping the regions around the aC and aD (swap4 and swapb) in the TIR domain of
the IL-1RACP inactivated the signaling function (Figure 3C). An interesting question emerged that if
swapping in the same regions could enable the IL-TRAcPb to gain the signaling function. Therefore, we
constructed two IL-TRAcPb mutants containing swap4 and swapé in the TIR domain, but with the presence
or absence of the long C-terminal tail after the TIR domain. These two mutants were IL-1RAcPb-RAcP-
Swap4+Swap6b-568 (Swap46-568 for short, in which the C-terminus was at the 568 position without the
long C-terminal tail) and IL-1RAcPb-RAcP-Swap4+Swapé-end (Swap4é-end, in which the C-terminal long
tail was retained). Unfortunately, the expression of these two mutants in 293T-IL-1RAcP-KO cells was signif-
icantly reduced (Figure S5). And the dual-luciferase detection after IL-1 treatment consistently did not
show NF-kB activation signal (Figure S5). We also tested adding the swap5 or swap7, resulting in four
more IL-TRAcPb mutants including Swap456-568, Swap456-end, Swap467-568, and Swap4é7-end. There
was still no improvement of the expression of these mutants and no obvious NF-kB activation signal after
IL-1B treatment (Figure S5). Finally, after swapping the four regions (4-7) together, IL-TRAcPb mutants
Swap4567-568 and Swap4567-end could partially mediate NF-kB activation, and the expression of these
two mutants was also stronger than other IL-TRAcPb mutants (Figure 6). We also tried to see if important
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Figure 4. Measurement of effects of IL-1RAcP single-site mutations in Swap4/Swap5/Swap6/Swap7 regions of its
TIR domain on NF-kB activation signal

(A and B) (A) A series of IL-1RAcP single-site mutants with swapped amino acid residues in Swap4/Swap5/Swap6/Swap7
regions of the TIR domain stemming from the corresponding sites of IL-1RAcPb were generated. Each of these mutants,
IL-TRACP-WT or empty constructs was co-transfected with luciferase reporter genes into 293T-IL-1RAcP-KO cells. Then,
cells were incubated with titrated concentrations of 5 nM IL-1B for 7 h prior to cell lysis. Finally, the NF-kB activity was
measured. All values represent means £ SD (n = 3). Significant differences between IL-1RAcP-WT group and the other
groups were established by Student’sttest. *p < 0.1, **p <0.01, ***p < 0.001, ****p < 0.0001. The protein levels of various
IL-1RACP were measured by Western blot analysis with the whole-cell lysate. The experiments were performed inde-
pendently at least three times. The mutation sites in IL-1RAcP TIR domain that significantly impaired the NF-kB activation
are listed in (B).

single-site mutations could make the IL-TRAcPb to gain the function. However, all IL-TRAcPb mutants
harboring combination of these single-site mutations in the TIR domain lost the expression and also did
not show NF-kB activation signal (Figure S5). These results collectively indicated again that the region
containing swap4 to swap? is important for determining the functional discrepancy between IL-1RAcP
and IL-1RAcPb to mediate IL-1 signaling, although currently we could not locate important single sites
as in the IL-TRACP.

DISCUSSION

The TIR domain is widely distributed in animal, plant, and bacterial proteins involved in innate immunity
pathways and associated processes (Nimma et al., 2017; Toshchakov and Neuwald, 2020). It was originally
defined to describe the cytoplasmic part of the TLRs and IL-1Rs (Gay and Keith, 1991). In mammals, the TIR
domains are found in the intracellular part of TLRs and IL-1Rs, and also in their downstream adaptor
proteins. Here, we report crystal structures of four IL-1R TIR domains from IL-1RAcPb (a splice isoform of
co-receptor IL-1RAcP), IL-18RB and IL-1RAPL2, as well as the zebrafish SIGIRR. As a shared co-receptor,
IL-1RACP is critical in mediating the activities of several different IL-1 cytokines by forming signaling ternary
complexes with cytokine and cytokine-binding primary receptor (Dinarello, 2009; Garlanda et al., 2013;
Sims and Smith, 2010). Of note, IL-TRAcPb is unable to mediate NF-kB signaling triggered by IL-1 cytokines
as IL-1RAcP due to the different cytoplasmic TIR-containing part caused by alternative splicing (Smith et al.,
2009). Taking advantage of the IL-TRAcP/IL-1RAcPb pair and using mutagenesis (segment swapping and
single-site mutation) and cell-based assays, we revealed that functional discrepancies between IL-1RAcP
and IL-TRAcPb are determined by the variant TIR domain, not other regions in the cytoplasmic part. We
also showed that the TIR aC- and aD-containing segments and several key sites in them are critical for
the signaling activity of IL-TRAcP, which is supported by structural comparisons showing that the aC-
and aD-containing segments are the most structurally variable among different IL-1R TIR domains.

Before this study, IL-1RAPL1 TIR domain is the only one in the IL-1R family whose crystal structure was
determined (Khan et al., 2004). Here, we reported four more IL-1R TIR domain structures, including IL-
1RAcPb, IL-18RB, IL-1RAPL2, and the zebrafish SIGIRR. IL-1RAcPb is a splice isoform of IL-1RAcP, which
is a shared co-receptor for the signaling of six different agonists. In contrast, IL-18Rp is a co-receptor
only utilized by IL-18 for signaling (Garlanda et al., 2013). Although we do not have the structure of the
IL-1RAcP TIR domain, structural comparisons showed that the IL-18RB TIR domain is distinct from other
IL-1R TIR domains in the orientation of the aD helix, indicating that the D may be involved in the specific
TIR:TIR interaction between IL-18Ra and IL-18Rp. Previously, there were also several reports about the
mutagenesis of IL-1RI and IL-TRAcP TIR domain, trying to elucidate its ability in mediating the signaling.
Alanine scanning of the boxes 1, 2, and 3 in the human IL-1RI TIR domain showed that boxes 1 and 2 are
important for signaling, whereas mutagenesis in the box 3 motif did not affect the signal transduction (Slack
et al., 2000). Modeling of the mouse IL-1RI TIR, site-directed mutagenesis, and NF-«B luciferase assay
collectively showed that the aC’ helix (Q469-E473) may participate in the homotypic interactions with
the TIR domains of IL-TRAcP and MyD88 (Radons et al., 2015). In contrast to the conclusions from the
studies of the IL-1RI TIR domain, it was shown that the box 3 motif of the mouse IL-TRAcP TIR is important
for the IL-1-dependent activation of NF-kB (Radons et al., 2002). And the K527-P534 segment is critical for
the recruitment of MyD88 (Radons et al., 2003). Although we used similar mutagenesis and luciferase assay
methods in this study, we took advantage of the IL-TRAcP/IL-1RAcPb pair and relevant structural informa-
tion obtained from several crystal structures of IL-1R TIR domains (especially the IL-1RAcPb-TIR) that we
determinated. By using segment swapping and then single-site mutagenesis in the IL-TRAcP TIR domain,
we showed the importance of the aC and aD helices and eight sites (A485, M490, A491, 1494, K502, V504,
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IL-1RACPb-TIR

Figure 5. The distribution of significant signaling-affecting sites of IL-1RAcP TIR mapped on IL-1RAcPb TIR
structure surface

The residues in IL-TRAcPb-TIR corresponding to the significant signaling-affecting ones of IL-1RAcP-TIR are shown as red
spheres with positions labeled. These residues are mainly distributed on two patches of the molecular surface of IL-
1RACcPb-TIR: Patch 1 and Patch 2.

E511, and L519) on them in mediating signaling. Comparing the three-dimensional structure of IL-1RAcP-
TIR predicted by AlphaFold2 with that of IL-TRAcPb-TIR, we found that there are obvious structural differ-
ences in the aC and aD regions, which further confirms the critical roles of these two regions for signaling
(Callaway, 2021) (Figure S6).

TIR domains function as protein scaffolds mostly through self- and homotypic-association with other TIR
domains. Structures of plant and bacterial TIR domains have revealed TIR:TIR interactions that are function-
ally relevant, which involve highly conserved interfaces, respectively (Alaidarous et al., 2014; Bernoux et al.,
2011; Chan et al., 2009, 2010; Kaplan-Turkoz et al., 2013; Ma et al., 2020; Nimma et al., 2017; Snyder et al.,
2014; Ve et al., 2015; Williams et al., 2014; Zhang et al., 2017). However, no common TIR:TIR interaction in-
terfaces have been observed in structures of mammalian TIR domains. Various methods, such as structure
analysis, mutagenesis, and molecular docking, have been used in a number of studies, proposing different
models of mammalian TIR domain assembly with some common trends (Bovijn et al., 2012, 2013; Clabbers
et al., 2021; Enokizono et al., 2013; Guven-Maiorov et al., 2015; Khan et al., 2004; Nunez Miguel et al., 2007,
Ohnishi et al., 2009; Tao et al., 2002; Toshchakov et al., 2011; Ve et al., 2017; Vyncke et al., 2016). For
example, crystal structures of TLR (TLR1-TIR, TLR2-TIR, TLR4-TIR, and TLR10-TIR), IL-1R (IL-1TRAPL1-TIR),
and adaptors (MAL-TIR, SARM1-TIR, and BCAP-TIR) all contain a similar TIR:TIR interface (defined as
BCD interface), consisting of the aC regions and either the aB/BB loop or the aD regions, or both (Halabi
etal., 2017; Horsefield et al., 2019; Jang and Park, 2014; Khan et al., 2004; Lin et al., 2012; Nimma et al., 2021;
Nyman et al., 2008; Xu et al., 2000) (Figures 7 and S7). Many loss-of-function mutations in TLR4 are located
at the BCD interface (Bovijn et al., 2012, 2013; Guven-Maiorov et al., 2015; Nunez Miguel et al., 2007). Be-
sides, a naturally occurring mutation P712H resulting in the no-response of TLR4 to LPS is also located in the
BB loop (Poltorak et al., 1998). Other receptor or adaptor TIR domains with such mutation also lose the
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Figure 6. Specific IL-1RAcPb mutants gaining the NF-kB signaling function

Each of Swap4567-568, Swap4567-end mutants, IL-1RAcP-WT, or empty constructs was co-transfected with luciferase
reporter genes into 293T-IL-1RAcP-KO cells. Then cells were stimulated with titrated concentrations of 5nM IL-1B for 7 h
prior to cell lysis. Finally, the NF-kB activity was measured. Data are shown as means + SD (n = 3). Significant differences
between negative control (NC) group and the other groups were established by Student’s t test. ****p < 0.0001. The
protein levels of various IL-1RAcP were measured by Western blot analysis with the whole-cell lysate. The experiments
were performed independently at least three times.

signaling function (Nimma et al., 2017). Mutations of MAL-TIR in the interface comprising the aC and aD
regions prevent both MAL-TIR and MyD88-TIR binding (Lin et al., 2012; Valkov et al., 2011). These functional
results suggest that the BCD interface could be physiologically relevant. Besides, TIR:TIR interfaces
observed in several mammalian TIR domain crystal structures coincide with transient complexes in solution
(Bovijn et al., 2012; Lin et al., 2012; Nunez Miguel et al., 2007; Valkov et al., 2011).

Generally, it is challenging to reconstitute stable mammalian TIR domain complexes in vitro for structural
studies (Nimma et al., 2017), probably due to the weak TIR:TIR interactions and/or the tendency to aggre-
gate. Fortunately, in 2017, Ve et al. reported that the MAL-TIR spontaneously and reversibly forms filaments
in vitro and induces formation of MyD88-TIR crystalline higher-order assemblies (Ve et al., 2017). Besides,
they also successfully reconstituted co-assemblies of TLR4-TIR and MAL-TIR domains in this paper (Ve
et al., 2017). The cryo-EM structure of MAL-TIR protofilament, as well as the MicroED and serial femto-
second crystallography (SFX) structures of the MyD88-TIR assembly all revealed an analogous two-
stranded higher-order assembly arrangement of TIR domain subunits (Clabbers et al., 2021; Ve et al.,
2017). There are two major types of asymmetric interactions between these subunits, including a BB
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Figure 7. BCD interaction interfaces in IL-1R TIR crystal structures

Shown are the cartoon representation of homo-dimer from the crystal structures of IL-18RB-TIR (yellow), IL-1RAPL1-TIR
(PDB ID: 1T3G, green), IL-TRAPL2-TIR (gray70), and zSIGIRR-TIR (salmon). B/BB loop (light pink), «C (red), and aD
(magenta) regions, or aC and either of the other two regions constitute BCD interaction interfaces. The disulfide bonds
(blue) were observed in BCD interfaces of zSIGIRR-TIR.

loop-mediated head-to-tail “BE” intrastrand interaction, involving the region around the BB loop of one
subunit and the EE surface (the BD and BE strands and the a.E helix) of the next subunit; and an interstrand
interaction consisting of the BC surface (B and a.C helices) from one subunit and the CD surface (aD helix
and CD loop) from another (BCD interface). Through structure-guided mutagenesis, in vivo interaction as-
says, and cell-based signaling assays, they demonstrated that the interactions defined within the MAL-TIR
filament and the MyD88-TIR assembly crystals represent a template for a conserved mode of TIR-domain
interaction involved in TLR and IL-1R signaling (Clabbers et al., 2021; Ve et al., 2017).

In this study, inspecting the structures of the IL-1R TIR domains with the help of PISA server also revealed a
similar BCD interface in IL-18RB-TIR, IL-TRAPL2-TIR, and zSIGIRR-TIR, but not in IL-1RAcPb-TIR crystal pack-
ing (Krissinel and Henrick, 2007) (Figure 7 and Tables S2-S5). Specifically, the interface of IL-18RB-TIR buries
8.7%—-8.9% (667-678 A?) of the total surface area per monomer in the structure and is composed of inter-
actions between residues located in the aB/BB loop, aC, and «D/DD loop regions (Figure 7 and Table S2).
With slight difference in buried surface area, the BCD interfaces of IL-TRAPL2-TIR [13.6%-13.7% (1,196~
1,197 AZ)] and IL-TRAPL1-TIR (PDB ID: 1T3G) [12.2%-12.3% (1,041-1,061 AZ)] all consist of interactions be-
tween residues mainly from aB/BB loop, aC, and oD regions of each molecule (Figure 7 and Tables S3 and
S4). Besides, the interface of zSIGIRR-TIR buries 4.8% (378-382 A?) of the total surface area per monomer
and comprises interactions between residues located in the aC, CD loop, and aD regions (Figure 7 and
Table S5). There are several hydrogen bonds and less salt bridges in these BCD interfaces (Tables S2—
S5). In addition, a disulfide bond between the two Cys299 in the aD region of the two chains was noted,
which is important for zSIGIRR-TIR dimerization as the mutant zSIGIRR-C299S-TIR exists as monomer in so-
lution (Figure 7 and Table S5). Our structural analysis results further support the BCD interface as a common
interaction interface for TIR domains in the TLR/IL-1R family. Moreover, the dual-luciferase reporter assay
also showed that aB, aC, and aD regions (especially the structurally variable aC and aD) are significantly
important for IL-1RAcP signaling function. In light of these crystal structural analyses, functional assays,
and previous studies, we propose that IL-1RAcP requires homo-dimerization/-oligomerization in its medi-
ation of NF-kB signaling (Figure S8); and the alternation of «B, «C, and aD in IL-1RAcPb-TIR impairs or even
destroys its self-association, leading to the reduction or loss of NF-kB signaling function of IL-1RAcPb.

Interestingly, in 2017, Essuman et al. demonstrated for the first time that the TIR domain of the adaptor
protein SARM1 possesses NAD™ enzymatic function, which plays an important role in the neuron axon
degeneration process, and further identified E642 as the catalytic site (Figure S9) (Essuman et al., 2017).
Subsequently, multiple TIR domains from archaea/bacteria and plants have also been shown to possess

12 iScience 25, 104508, July 15, 2022

iScience



iScience

NAD* enzymatic function, which plays a key role in bacterial immune evasion and plant cell death pathways
(Essuman et al., 2018; Horsefield et al., 2019; Ma et al., 2020; Wan et al., 2019). In this study, alignment of the
crystal structures of TIR domains from TLRs, IL-1Rs, and adaptor proteins with that of SARM1-TIR showed
that only IL-TRAcPb-TIR and IL-18RB-TIR are highly structurally similar to SARM1-TIR with a conserved cat-
alytic site (Horsefield et al., 2019) (Figure S9). However, merely, the potential catalytic site of IL-18RB-TIR is
exposed to the surface. In addition, the three-dimensional structure of IL-1RAcP-TIR predicted by
AlphaFold2 is also analogous to that of SARM1-TIR with the conserved catalytic site (Figure S9). Therefore,
it will be very interesting and important to further explore whether the TIR domains of the co-receptor IL-
1RACP and IL-18RB possess NAD" enzymatic activity, how this catalytic function relates to the signaling
functions, and whether it is related to the selection of co-receptors (IL-1RAcP and IL-18Rp).

Limitations of the study

This study promotes additional information for our understanding of the IL-1R family, especially the IL-
1RACP signal transduction mechanism. But there are still some limitations. For instance, the structure of
IL-TRACP-TIR was not successfully determined, which to some extent hindered our understanding of its
functional mechanism. Here, we only utilize IL-1RAcPb as the template to perform mutation experiments
between IL-TRAcP-TIR and IL-1RAcPb-TIR, thus some important functional positions might not be identi-
fied. Additionally, in this field, there are still some key issues to be addressed. For example, there are
both similarities and differences of functions performed by IL-1R family members, and the structural and
functional commonalities or specificities between their corresponding TIR domains have not yet been fully
understood. Moreover, how the IL-1R TIR domains cooperate with each other to transmit signaling to
downstream adaptors still needs further elucidation. Therefore, more structure determination and corre-
sponding functional analysis of IL-1R TIR domains in the future are of vital importance to better understand
the physiological functions of this family.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit Anti-IL-1RAcP Antibody Rockland Cat# 600-401-BV3
Rabbit Monoclonal Anti-IL-1RAcP Antibody AbCam Cat# ab256461
Mouse Monoclonal Anti-GAPDH Antibody HuaXing Bio Cat# HX1828
Anti-rabbit IgG, HRP-linked Antibody CST Cat# 7074S
HRP-Goat Anti-Mouse IgG (H+L) HuaXing Bio Cat# HX2032
Chemicals, peptides, and recombinant proteins

IL-1RACPb-TIR This paper N/A
IL-18RB-TIR This paper N/A
IL-TRAPL2-TIR This paper N/A
zSIGIRR-TIR This paper N/A
zSIGIRR-C299S-TIR This paper N/A

IL-1B mature This paper N/A

Critical commercial assays

Dual-Luciferase Reporter Assay Kit Vigorous Bio Cat# TO02
ABclonal MultiF Seamless Assembly Mix kit ABclonal Cat# RK21020
TIANprep Mini Plasmid Kit TIANGEN Cat# DP103
EndoFree Maxi Plasmid Kit TIANGEN Cat# DP117
Deposited data

IL-1RACPb-TIR This paper 7FCC
IL-18RB-TIR This paper 7FCH
IL-1RAPL2-TIR This paper 7FD3
zSIGIRR-TIR This paper 7FCL
zSIGIRR-C299S-TIR This paper 7FCJ
Experimental models: Cell lines

293T-IL-1RAcP-KO Ge et al. (2019) https://www.cell.com/structure/fulltext/S0969-2126(19)30173-X

Recombinant DNA

pGL3/NF-kB-luc
pRL-TK

Zhijie Chang's Lab
Zhijie Chang's Lab

http://www.jbc.org/content/290/2/861.long
http://www.jbc.org/content/290/2/861.long

Software and algorithms

HKL2000
Phaser-MR

Coot

Phenix Refine

Otwinowski and Minor (1997)
McCoy et al. (2007)
Emsley et al. (2010)
Afonine et al. (2012)

https://www.hkl-xray.com/hkl-2000
https://phenix-online.org/
https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/

https://phenix-online.org/

PyMol Janson et al. (2017) https://pymol.org/2/
AlphaFold2 Callaway (2021) https://www.alphafold.ebi.ac.uk/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Xinquan Wang (xinquanwang@mail.tsinghua.edu.cn).
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Materials availability

This study did not generate new unique reagents.

Data and code availability
® Data

Structural data have been deposited at the Protein Data Bank and are publically available as of the date of
publication. Accession numbers are listed in the key resources table.

All other data reported in this paper will be shared by the lead contact upon request.
e Code

This paper does not report original code.
e Additional information

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

Escherichia coli BL21 (DE3) cells used for IL-1R TIR domains and IL-1B recombinant proteins expression
were cultured in LB media at 37°C; the cells were induced with 0.5 mM IPTG at 16°C for 18-19 h. 293T-
IL-TRAcP-KO cells were used to perform in vitro Luciferase reporter assays, which were cultured in
DMEM with 10% fetal bovine serum (FBS) and incubated at 37°C in a humidified atmosphere of 5% CO,.

METHOD DETAILS

Plasmid construction

The coding sequences of following TIR domains, IL-1RAcP-TIR (residues 403-550), IL-1RAcPb-TIR (residues
403-548), IL-18RB-TIR (residues 406-562), IL-TRAPL2-TIR (residues 400-560), zSIGIRR-TIR (residues
180-327) and zSIGIRR-C299S-TIR (residues 180-327), were cloned into pET-22b vector (Invitrogen) with a
C-terminal 6xHis tag. cDNAs for human full-length IL-TRAcP (residues 1-570), IL -1RAcPb (residues 1-
687) and a series of related mutants were cloned into pcDNA3.1(+) vector (Invitrogen). Swap mutations
and point mutations were introduced by overlapping PCR. Briefly, the upstream and downstream primers
containing sequences homologous to both the pcDNA3.1(+) vector and/or the mutated target cDNA frag-
ment were used in PCR amplification reaction with IL-1RAcP or IL-1RAcPb as the template. The products
were then ligated with the linearized vectors to obtain the mutants. Human IL-1B was cloned into the
pGEXép-1 vector with a GST tag at the N-terminus, that is, mature IL-1B (residues 117-269) cDNA fragment
was inserted into the multiple cloning site of p GEXép-1 plasmid. All these constructs were generated using
2xMultiF Seamless Assembly Mix (ABclonal) and sequence verified.

Protein expression and purification

All the TIR domain proteins were expressed and purified with a similar procedure as below. Firstly, the pro-
teins tagged with 6 X His were overexpressed in Escherichia coli BL21 (DE3) cultured in LB medium, which
were induced with 0.5 mM isopropyl-B-D-thiogalactopyranoside at 16°C overnight. The cells were
collected by centrifugation at 3,725 X g for 20 min, and resuspended with HBS buffer [10 mM Hepes
(pH 7.2), 150/500 mM NaCl], and further disrupted by an EmulsiFlex-C3 homogenizer (Avestin) to release
the target proteins. The lysate was centrifuged at 23,000 X g for 1 h, and the soluble target proteins within
the supernatant were attached by Ni-NTA affinity column. Next, the column was subjected to extensive
washing with HBS buffer supplemented with 20 mM imidazole. The proteins were eluted with HBS buffer
supplemented with 250 mM imidazole, then concentrated and further purified by gel filtration chromatog-
raphy on a Superdex 75 10/300 column (GE Healthcare) using the AKTA Purifier 10 system. Purified peak
fractions could be utilized for next step assay directly, or pooled, concentrated, aliquoted, flash frozen
by liquid nitrogen and stored at —80°C for future use. During the whole purification process, the target pro-
teins were always in the HBS (150 mM NaCl) buffer containing 10 mM Hepes (pH7.2) and 150 mM NaCl,
except for IL-18RB-TIR and IL-1RAPL2-TIR, which were dissolved in the HBS (500 mM NaCl) buffer contain-
ing 10 mM Hepes (pH 7.2) and 500 mM NaCl.
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The mature form of human cytokine IL-1B (residues 117-269) was expressed and purified similar to TIR
domains. In brief, the IL-1B was expressed with the pGEX-6P-1 vector in Escherichia coli strain BL21
(DE3). IL-1B with an N-terminal glutathione S-transferase tag was collected with Glutathione Sepharose
4 Fast Flow (GE Healthcare), followed by digestion with PreScission protease (GE Healthcare) for removal
of the tag and further purification by gel-filtration chromatography.

Crystallization and diffraction data collection

The purified TIR domain proteins retaining the 6 xHis tag at the C-terminus were concentrated to about
10 mg/mL for initial screening of crystallization conditions, respectively. The crystals were prepared at
18°C via the vapor diffusion method in sitting drops composed of 100 nL protein solution (target proteins
in its corresponding purification buffer) and 100 nL reservoir solution. The initial protein crystallization con-
ditions were identified by sparse matrix screening of commercial crystallization kits (Hampton Research),
followed by extensive optimization, in which the sitting and the hanging drop methods were both utilized.
The optimal reservoir solution conditions and the suitable protein concentrations were finally screened out
and listed as follows: 0.1 M sodium citrate, pH 5.6, 20%w/v PEG4000, 20% v/v 2-propanol for IL-TRAcPb-TIR
(6.7 mg/mL); 0.2 M ammonium tartrate dibasic, pH 6.25, 20% w/v PEG3350, 3% v/v (+/—)-2-methyl-2,4-pen-
tanediol for IL-18RB-TIR (9.86 mg/mL); 8% v/v tacsimate pH5.0, 12% w/v PEG3350 for IL-1RAPL2-TIR
(19.3 mg/mL); 0.05 M ammonium sulfate, 0.05 M Bis-Tris pH6.9, 34% v/v pentaerythritol ethoxylate (15/4
EOQ/QOH), 3% v/v glycerol for zSIGIRR-TIR (22.5 mg/mL) and 0.1 M CHES pH 9.5, 20% w/v PEG8000 for zSI-
GIRR-C299S-TIR (14 mg/mL). The crystals were first briefly soaked in cryoprotectant that was composed of
reservoir solution supplemented with ~25% (v/v) glycerol, and then flash frozen in liquid nitrogen for data
collection. All X-ray diffraction data sets were collected at BL-17U1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) using the light wavelength of 0.9794 angstroms under the condition of —196°C,
and next indexed and integrated with the program HKL2000 (Otwinowski and Minor, 1997). The statistics
of data processing are summarized in Table 1.

Structure determination and refinement

The initial phases of IL-1TRAPL2-TIR and IL-1RAcPb-TIR were determined by molecular replacement method
using the crystallographic software PHASER (McCoy et al., 2007) in the CCP4 suite with the published
crystal structure of IL-1RAPL1-TIR (PDB ID: 1T3G) as the search model. Then the molecular replacement so-
lutions of IL-18RB-TIR and zSIGIIRR-C299S-TIR were determined using IL-1RAcPb-TIR structure as the
search model. Finally, the solution of zSIGIRR-TIR was determined with zSIGIIRR-C299S-TIR structure as
the template. Subsequently, iterative refinement and model building were performed with the program
PHENIX (Afonine et al., 2012) and COOT (Emsley et al., 2010), respectively. The structure refinement sta-
tistics are also summarized in Table 1. All structure figures were generated using PyMol (Janson et al., 2017).

Dual-luciferase report assays

To detect IL-1-mediated NF-kB signal transduction, the IL-1RAcP knockout HEK293T cells (293T-IL-1RAcP-
KO cell line (Ge et al., 2019)) were uniformly seeded in Costar White 24-well plates (0.5%10° cells/mL) prior
to transfection. The cell culture medium was DMEM containing 10% fetal bovine serum (FBS) and 1 xpeni-
cillin (PS). The IL-1RAcP/IL-1RAcPb receptors or their mutants, whose cDNA sequences were made C726G
synonymous mutation to avoid Cas9 cleavage and cloned into the pcDNA3.1 vector, were transiently co-
transfected with pGL3/NF-kB-luc and pRL-TK into the cells after 12 h. pGL3/NF-kB-luc was used as IL-1
signaling reporter vector, in which a human NF-kB promoter was located prior to the firefly luciferase cod-
ing sequence; the pRL-TK reporter vector was used to normalize the transfection efficiency, in which a
constitutively active promoter was located just before Renilla luciferase coding region. Specifically,
200 ng/well receptor plasmids, 60 ng/well pGL3/NF-kB-luc, and 5 ng/well pRL-TK were mixed and envel-
oped with PEI at a mass ratio of 1:4. It was then added dropwise into the well after standing for 25 min at
room temperature. All wells were transfected with the same amount of plasmid. Besides, the equivalent
amount of pcDNA3.1 empty vector plasmid was used in the negative control group. 12 h post-transfection,
the medium was substituted by fresh DMEM without FBS and PS, and the cells were starved for another 12
h. Then cells in half of the wells were stimulated with IL-1B cytokine at a titrated concentration of 5 nM for 7
h. Next, the luciferase activity was detected with the dual-luciferase reporter kit (Vigorous bio) in the plate
reader Centro LB960, which proceeded according to the following steps: removing the medium from the
wells, gently washing the wells twice with an appropriate amount of 1xPBS buffer, adding 120 pL 1xlysis
buffer, shaking for 20 min at room temperature to lyse the cells completely, and transferring 20 uL lysate
into the reading plate for firefly luciferase and Renilla luciferase activity measurement with the addition
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of substrate 1 and substrate 2. The substrates were protected from light. The IL-1B-triggered signal values
of firefly luciferase were normalized against those of Renilla luciferase for transfection efficiency and plotted
as fold stimulation over the unstimulated control. In addition, the corresponding cell lysates were used for
western blot to quantify protein expression levels. All the experiments were conducted in triplicate.

Western blot

All samples ready for western blotting were dissolved in 5XSDS loading buffer (50 mM Tris, 2% SDS, 0.1%
bromophenol blue, 50% glycerol, 100 mM DDT), and then separated by gel electrophoresis with
SurePAGE, Bis-Tris, 10 x 8 gels (GenScript) in the 1xTris-MOPS-SDS Runing Buffer (GenScript). Next, pro-
teins were transferred onto the nitrocellulose membranes (Bio-Rad). To detect proteins of IL-1RAcP/IL-
1RACPb or their mutants, rabbit anti-IL-1RAcP (Rockland, ABcam) was used as the primary antibody, and
anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology) as the secondary antibody. Immunoblot-
ting data were collected using the machine of Amersham Imager 600 (GE Health).

QUANTIFICATION AND STATISTICAL ANALYSIS

For Luciferase reporter assays, data was plotted using Origin 9.1. Pooled data from N = 3 separate exper-
iments and Standard Deviation (SD) is shown.
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