Immunity

IL-1 Family Cytokines Use Distinct Molecular Mechanisms
to Signal through Their Shared Co-receptor

Graphical Abstract

Co-receptor recruitment in the IL-1 family

gﬂ%
IL-33

; IL-1B

cytokine-

receptor-
centered

centered

Highlights

e Generated 2.8 A X-ray crystal structure of the IL-33-ST2-IL-
1RACcP signaling complex

e IL-1RACP uses the same motifs to engage different cytokine-
receptors pairs

e IL-1B and IL-33 form signaling complexes by distinct
molecular mechanisms

__ Gunther et al., 2017, Immunity 47, 510-523
\!) CrossMark  September 19, 2017 © 2017 Elsevier Inc.
http://dx.doi.org/10.1016/j.immuni.2017.08.004

Authors

Sebastian Gunther, Daniel Deredge,
Amanda L. Bowers, ..., Lance Liotta,
Patrick L. Wintrode, Eric J. Sundberg

Correspondence
esundberg@ihv.umaryland.edu

In Brief

IL-1RACP is the co-receptor shared by
most cytokines in the IL-1 family. Giinther
et al. demonstrate that although IL-
1RACP interacts with different cytokine-
receptor pairs through a conserved
architecture, it uses starkly different
strategies to engage IL-1p and IL-33 and
form signaling-competent ternary
complexes.

Cell


mailto:esundberg@ihv.umaryland.�edu
http://dx.doi.org/10.1016/j.immuni.2017.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2017.08.004&domain=pdf

Cell’ress

Immunity

IL-1 Family Cytokines Use Distinct Molecular Mechanisms
to Signal through Their Shared Co-receptor

Sebastian Gilinther,’ Daniel Deredge,? Amanda L. Bowers,! Alessandra Luchini,? Daniel A. Bonsor,! Robert Beadenkopf,’
Lance Liotta, Patrick L. Wintrode,? and Eric J. Sundberg?-4:5.6:*

TInstitute of Human Virology, University of Maryland School of Medicine, Baltimore, MD 21201, USA

2Department of Pharmaceutical Sciences, University of Maryland School of Pharmacy, Baltimore, MD 21201, USA

3Center for Applied Proteomics and Molecular Medicine, George Mason University, Manassas, VA 20110, USA

4Department of Medicine, University of Maryland School of Medicine, Baltimore, MD 21201, USA

5Department of Microbiology & Immunology, University of Maryland School of Medicine, Baltimore, MD 21201, USA

6Lead Contact
*Correspondence: esundberg@ihv.umaryland.edu
http://dx.doi.org/10.1016/j.immuni.2017.08.004

SUMMARY

Within the interleukin 1 (IL-1) cytokine family, IL-1 re-
ceptor accessory protein (IL-1RAcP) is the co-recep-
tor for eight receptor-cytokine pairs, including those
involving cytokines IL-18 and IL-33. Unlike IL-18, IL-
33 does not have a signaling complex that includes
both its cognate receptor, ST2, and the shared co-
receptor IL-1RAcP, which we now present here.
Although the IL-1B and IL-33 complexes shared
structural features and engaged identical molecular
surfaces of IL-1RAcP, these cytokines had starkly
different strategies for co-receptor engagement
and signal activation. Our data suggest that IL-13
binds to IL-1RI to properly present the cytokine to
IL-1RAcP, whereas IL-33 binds to ST2 in order to
conformationally constrain the cognate receptor in
an IL-1RAcP-receptive state. These findings indicate
that members of the IL-1 family of cytokines use
distinct molecular mechanisms to signal through
their shared co-receptor, and they provide the foun-
dation from which to design new therapies to target
IL-33 signaling.

INTRODUCTION

The interleukin-1 (IL-1) family comprises 11 cytokines that are
central regulators of immunity and inflammation. Agonist cyto-
kines of this family bind their cognate receptors (e.g., the IL-1 re-
ceptor | [IL-1RI, also known as IL-1R1] for the prototypical
agonist cytokines IL-1a and IL-18) and subsequently recruit a
co-receptor, most commonly IL-1 receptor accessory protein
(IL-1RACcP, also known as IL-1R3), to form ternary complexes.
The structural basis of the formation of IL-1B signaling com-
plexes has been well defined by numerous X-ray crystal struc-
tures of this ternary complex comprising a cytokine, cognate re-
ceptor, and co-receptor (Thomas et al., 2012; Wang et al., 2010).
Cytoplasmic Toll/IL-1 receptor (TIR) domains attached to the
cognate and co-receptors are brought into close proximity by
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these extracellular binding events, resulting in signal transduc-
tion. Because of the potency of the cellular responses of IL-1 cy-
tokines, several layers of negative regulation exist to inhibit the
effects of these responses, including (1) antagonist cytokines
(e.g., IL-1 receptor antagonist [IL-1Ra]), which bind to cognate
receptors but do not recruit co-receptors; and (2) decoy recep-
tors (e.g., IL-1RII [IL-1R2] or soluble suppression of tumorgenic-
ity ST2 [also known as sST2, IL-1R4, IL-1RL1, T1, or IL-33R]),
which lack trans-membrane regions and/or cytoplasmic TIR
domains.

IL-33 is an agonist cytokine that binds its cognate receptor,
ST2, and recruits the same co-receptor, IL-1RACP, as that re-
cruited by IL-1B. The crystal structure of the binary IL-33-ST2
complex (but not the ternary IL-33-ST2-IL-1RAcP complex)
has been reported (Liu et al., 2013). No antagonist IL-33 cytokine
exists, and IL-33 signaling is instead negatively regulated primar-
ily by sST2 (which acts as a decoy receptor; Hayakawa et al.,
2007), as well as by IL-33 oxidation (Cohen et al., 2015) and
cleavage by caspases (Cayrol and Girard, 2009; Luthi et al.,
2009). IL-33 also contains an N-terminal nuclear localization
domain that typically retains the cytokine in the nucleus where
it is bound to chromatin (Carriere et al., 2007); the deletion of
this domain causes IL-33-specific systemic inflammation (Bessa
et al., 2014). With no signal sequence for secretion, IL-33 is
instead released from damaged or necrotic endothelial and
epithelial cells and acts as an alarmin to alert the immune system
to tissue damage (Cayrol and Girard, 2014). Inflammatory prote-
ases from neutrophils and mast cells process full-length 1L-33
into mature forms, equivalent in molecular weight to other
mature IL-1 family cytokines, with increased receptor binding
and signaling activity (Lefrancais et al.,, 2014; Lefrancais
etal., 2012).

IL-33 is predominantly expressed by epithelial, endothelial,
and fibroblast cells (Liew et al., 2016). Because ST2 is presented
on the surfaces of many immune cells, IL-33 has pleiotropic ef-
fects in health and disease and has wide-ranging roles in tissue
and metabolic homeostasis, infection, inflammation, cancer,
and neurological disorders. Originally thought to activate only
T helper 2 (Th2) and mast cells (Schmitz et al., 2005), IL-33 is
now known to stimulate diverse activated ST2-expressing leuko-
cytes such as Th1 cells, regulatory T (Treg) cells, group 2 innate
lymphoid cells (ILC2s), CD8* T cells, and natural killer (NK) cells.
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IL-33 stimulation of Th2 cells, Treg cells, and ILC2s induces their
proliferation, survival, and migration, as well as their production
of the type 2 immune mediators IL-4, IL-5, and IL-13 (Lott et al.,
2015; Molofsky et al., 2015). The type | immune mediator inter-
feron-y (IFN-v) is produced by Th1 cells, CD8" T cells, and NK
cells in response to IL-33 (Bonilla et al., 2012).

Collectively, these signaling events drive a vast network of
immune and inflammatory processes. Although IL-33 is constitu-
tively expressed at high levels, it can be further upregulated
during inflammation. Accordingly, IL-33 signaling plays a central
role in clearing infections by helminths, protozoa, fungi, bacteria,
and viruses (Liew et al., 2016). As a potent mediator of inflamma-
tion, IL-33 can be responsible for a variety of chronic inflamma-
tory disorders. IL-33 is deleterious in asthma, allergy, rheumatoid
arthritis, inflammatory bowel disease, chronic obstructive pul-
monary disease, age-related macular degeneration, and peri-
odontitis. Conversely, IL-33 confers beneficial effects in
cardiovascular diseases, obesity, diabetes, and uveitis (Liew
et al., 2016).

Given the central involvement of IL-33 in these diseases,
there is considerable interest in the development of biologics
for modulating its activity. IL-1 signaling has already been suc-
cessfully targeted in a number of auto-inflammatory conditions
through the use of several biologics, including antagonist cyto-
kines, decoy receptors, and antibodies (Dinarello et al., 2012).

Figure 1. Crystal Structure of the IL-33
Signaling Complex

(A) Crystal structure of the murine IL-33:ST2:
IL-1RAcP complex. Receptor subdomains are
indicated.

(B) Crystal structure of other ternary complexes in
the IL-1 family. Top: signaling complex of IL-1p:1L-
1RI:IL-1RAcP. Middle: decoy complex of IL-1:
IL-1RIl:IL-1RAcP. Bottom: signaling complex of
IL-18:1L-18Ra:1I-18Rp (same orientation as in A;
the co-receptor is on the left, and the cytokine-
primary-receptor is on the right).

(C) Comparison of buried surface areas at in-
terfaces between binary cytokine-primary-recep-
tor complexes and co-receptors as observed
in crystal structures. IL-1RAcP-dependent com-
plexes are shown on the left. Total areas are
subdivided on the basis of cytokine and primary-
receptor domains.

(D) Rotation of the ST2 D3 domain in relation to IL-
1RI D3. IL1-RAcP D3 is shown in white. The rota-
tion axis is indicated.

See also Figure S1.
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Unlike IL-1, no IL-33 signaling complex
includes both ST2 and the shared co-re-
ceptor IL-1RAcP, hampering the tailored
development of biologics for the treat-
ment of IL-33-mediated pathologies.
Here, we present the X-ray crystal struc-
ture of the ternary IL-33:ST2:IL-1RAcCP
signaling complex, as well as compre-
hensive mutational, biophysical, and
functional analyses of the IL-33 and IL-
1B signaling complexes. Our data define
the molecular basis of IL-1RAcP receptor sharing and show
that although IL-1RAcP uses the same structural motifs to
engage different cytokine-receptor pairs, the mechanisms
by which signaling-competent ternary complexes form are
distinct.

RESULTS

Signaling Complexes in the IL-1 Family Adopt a
Conserved Supramolecular Architecture

We crystallized the ternary complex of murine IL-33:ST2:IL-
1RACP (Figure 1A and Table S1) and determined its 2.8 A reso-
lution structure. The overall structure resembled those of other
ternary complexes from the IL-1 family (Thomas et al., 2012;
Tsutsumi et al., 2014; Wang et al., 2010) (Figure 1B). The three
ST2 immunoglobulin (Ilg) domains wrapped around IL-33. This
binary complex was then bound by the co-receptor IL-1RACP,
whose second and third Ig domains (D2 and D3, respectively)
engaged a combined interface between ST2 and IL-33. D1 do-
mains from neither ST2 nor IL-1RAcP participated in complex
formation.

Although our murine ternary 1L-33:ST2:IL-1RAcP complex is
similar to the binary human IL-33:ST2 complex (Liu et al., 2013)
with an overall root-mean-square deviation (RMSD) of 1.46 A
(Figure S1A), the orientation of the three domains of ST2 differed
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between the two complexes, and subsequently, the structures of
the individual domains were more conserved than that of the
entire binary complex, as indicated by lower RMSD values of
the individual domains and cytokine (D1D2: 0.96 A; D3: 0.94 A;
IL-33: 1.1 A) than of the entire complex (Figure S1A). D1D2
and D3 of ST2 were shifted in relation to IL-33 upon IL-1RAcP
binding (Figure S1A). The ST2 D1 and D2 domains were rotated
4.5°, bringing the backside of ST2 closer to IL-1RACP (e.g., hu-
man ST2 residue D169 [hST2p4ge), Which is mouse mST2p47s,
moved 2 A toward IL-1 RAcP), and the ST2 D3 domain was
rotated 9°, causing a shift of D3 along the IL-1RAcP-D3 inter-
face (e.g., hST2 533 [MST2538] Mmoved 4 A along IL-1RAcP)
(Figure S1A).

The most substantial differences existed at the IL-33:IL-
1RACP interface. The loops connecting B strands 4 and 5 (B4-5
loop) and 11 and 12 (B11-12 loop) were absent in the IL-
33:ST2 binary structure, most likely as a result of their inherent
flexibility in the absence of IL-1RAcP; these loops also appear
to be unstructured in the nuclear magnetic resonance (NMR)
structure of IL-33 (Lingel et al., 2009). In the ternary complex
structure, conversely, loops B4-5 and $11-12 were both ordered,
and the latter made contacts with both IL-1RAcP (201 A? puried
surface area [BSA]) and ST2 (54 /&2) (Figure 1A). Similar move-
ments were observed between the IL-1B:IL-1RI binary (Vigers
et al,, 1997) and the IL-1B:IL-1R:IL-1RACP ternary complex
structures. The overall RMSD of IL-1B:IL-1RI was 1.21 ,5\, but
the relative orientation of the individual domains differed, as evi-
denced by lower RMSD values of individual domains (D1D2:
0.78 A; D3:0.59 A; IL-1B: 0.8 /&). However, the rotations of the re-
ceptor domains differed between the IL-1f and IL-33 complexes
(Figure S1B). The IL-1RI D1 and D2 domains shifted on the upper
surface of IL-1B by a rotation of 3.7°, in effect causing an upward
shift of these domains in relation to the IL-1RAcP binding site
(e.g., IL-1RIy1s4 Was displaced by 1.8 A). The IL-1RI D3 domain
rotated around 6.6° toward IL-1RAcP, shifting the receptor D3
domain along the co-receptor and displacing IL-1Rlgo34 by
3.2 A. These movements allowed for a closer apposition of the
D3 domains of both receptors.

In the crystallographically defined ternary complexes in the
IL-1 family, the total BSA at the interface formed by the co-re-
ceptor (e.g., IL-1RACP or IL-18RB) and the binary complex of
interleukin and primary receptor (e.g., IL-33:ST2, IL-1B:IL-1Rl,
IL-1B:IL-1RIl, or IL-18:IL-18Re) varied from 2,380 A2 for the
IL-18 complex to 3,718 A? for the IL-33 complex (Figure 1C).
Although the IL-33:ST2 complex exhibited the largest com-
bined interface with IL-1RAcP, the BSA contributed by the
cytokine itself was the least out of all analyzed complexes.
Despite this, a conservation of the size of the interface between

IL-1RAcP and the individual binary complexes was evident. In
all five complexes, the differences in BSA derived mainly from
the contribution of the receptor D3 domain. Superposition of
the ST2 and IL-1RI D3 domains within their respective ternary
complexes indicated that they were rotated with respect to
each other by 64° and thereby engaged the IL-1RAcP D3
domain with a different face of the cognate receptor D3 (Fig-
ure 1D). This was not caused by IL-1RAcP binding given that
the ST2 D3 domain exhibited the same orientation in the binary
complex (Figure S1A). Because Ig domains are ellipsoidal, this
enabled the broader side of ST2 D3 to engage the common
surface of IL-1RAcP D3, resulting in a larger interface than for
the IL-18 complex.

Despite these differences, we observed common principles in
how the binary cytokine-receptor complex engaged the shared
co-receptor IL-1RACP. First, the loop connecting strands ¢ and
d of the D2 domain (c2-d2 loop) resided at the intersection of
all three binding partners and exhibited conformational plasticity
to accommodate differences in the binary complexes of distinct
primary receptors and cytokines (Figure S1C). In the IL-1p:IL-
1REIL-1RACP and IL-33:ST2:IL.-1RAcP complexes, the c2-d2
loop engaged both the cytokine and receptor through an exten-
sive hydrogen-bonding network (Figures 2A-2C and Figure S2).
Second, a hydrophobic patch on the receptor side engaged IL-
1RACP|455 (Figures 2D and 2E). In the IL-18 complex, it made
mainly hydrophobic interactions with the two side chains of IL-
1Rl1g2 and IL-1RAcCP}455 (Figure 2E). In contrast, in the IL-33
complex, the side chain of ST2p175 made van der Waals contacts
with the side chain of IL-1RAcP1s5 and formed an additional
hydrogen bond to the main chain of the same residue (Figure 2D).
Third, the IL-1RAcP D2D3 linker engaged the cognate receptors
(Figures 2F and 2G). In the IL-1B complex, IL-1RAcPk»3s bound
IL-1RIp1o9 through a salt bridge and IL-1Rly¢eg through a
hydrogen bond (Figure 2G). Moreover, it made van der Waals
contacts with IL-1RIaq1s. In addition, there was a contact with
the IL-1RI-D2:D83 linker via van der Waals contacts between IL-
1RACPN239 and IL-1RlIpsge. Similarly, in the IL-33 complex, IL-
1RACPk23s formed salt bridges with ST2p13, and ST2g»1¢ and
between IL-1RACPpo3g and ST2k433 (Figure 2F). There was also
a linker-linker contact through van der Waals contacts between
the side chain of IL-1RACPpo3g and ST2¢513.

These three common features involved the D2 modules of
the receptor and co-receptor. The rotation of the ST2 D3
domain in relation to IL-1RACP resulted in a different interface
(Figure 1D) than was observed in the IL-1B:IL-1RI:IL-1RAcP
complex. Even commonly engaged co-receptor residues (e.g.,
IL-1RAcPH246 [in mouse IL-1RAcPY246] and IL-1RAcPY269)
exhibited different rotamer positions (Figures 2H and 2I),

Figure 2. Conserved Interaction Motifs Enable IL-1RAcP Receptor Sharing

(A) Surface representation of the IL-33:ST2:IL-1RAcP complex (the location of the main interaction site between IL-1RAcP and IL-33:ST2 is indicated).

(B and C) Interaction between the IL-1RAcP c2-d2 loop and the cytokine and primary receptor through extensive hydrogen bonds (black dashed line) in the IL-
33:ST2:IL-1RAcP (B) and IL-1B:IL-1RI:IL-1RAcP (C) complexes. The conserved main-chain main-chain hydrogen bond is shown in yellow.

(D and E) Hydrophobic interaction centered around IL-1RACP,1s5 in the IL-33:ST2:IL-1RAcP (D) and IL-1B:IL-1RI:IL-1RACP (E) complexes.

(F and G) Polar interactions between the receptor and the IL-1RAcP D2-D3 linker region in the IL-33:ST2:IL-1RAcP (F) and IL-1B:IL-1RI:IL-1RAcP (G) complexes.
(H and |) Interface between receptor D3 domains in the IL-33:ST2:IL-1RAcP (H) and IL-1B:IL-1RI:IL-1RACP (l) complexes.

Murine IL-33:ST2:IL-1RACP is shown in (B), (D), (F), and (H). In the case of non-conservation, the human residue is indicated; human IL-1pB:IL-1RI:IL-1RACP is

shown in (C), (E), (G), and (l).
See also Figure S2.
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Figure 3. SAXS Studies Confirm Comparability of IL-1 Ternary Complexes in Solution
(A) Scattering profiles of ternary complexes (left, mIL-33:ST2:IL-1RAcP; middle, hIL-33:ST2:IL-1RAcP; right, IL-1B:IL-1RI:IL-1RACP). Inset shows the fit of the
Guinier region of profile and the calculated radius of gyration. A single sample was measured at three different concentrations. Profiles are from highest con-

centration without signs of aggregation.
(B) Pair-distance distribution function for the three complexes.

(C) Ab initio shape reconstruction. Structures of murine IL-33 (left) and human IL-1p (right) ternary complexes were fitted into envelopes calculated from distance
distribution plots. The human IL-33 ternary complex (middle) was modeled on the basis of the murine complex structure for IL-33:ST2 and IL-1RAcP from the

human IL-1B complex. Colors match those in Figures 1 and 2.

resulting in different engagement of the two receptor D3 sur-
faces. These receptor surfaces were of a different chemical
nature. Although IL-1RACP246 and IL-1RACPy2s9 engaged IL-
1RI:D3 through polar interactions (salt bridges to IL-1RIgo0s
and IL-1RlIpgp4) (Figure 21), they used hydrophobic interactions
to engage ST2M215, ST2\/218, ST2T220, and ST2M285 (Figure 2H)
In summary, the IL-33:ST2:IL-1RACP structure, together with
previously determined complex structures involving IL-1RACP,
revealed the conserved usage of structural motifs that can
engage diverse cytokine-receptor binary complexes on the co-
receptor side through different physicochemical strategies.
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Mouse and Human IL-33 Ternary Signaling Complexes
Are Indistinguishable in Solution

Mouse and human IL-33, ST2, and IL-1RAcP sequences exhibit
a high degree of conservation (Figure S3). To determine whether
this translates to similar tertiary and quaternary structures be-
tween these sequences, we used small-angle X-ray scattering
(SAXS) to analyze the complexes of both human and murine
IL-33:ST2:IL-1RAcP, as well as human IL-1B:IL-1RI:IL-1RACP,
in solution. From the scattering profiles (Figure 3A), we calcu-
lated pairwise distance distributions (Figure 3B) and generated
molecular envelopes of the complexes in solution (Figure 3C).
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Figure 4. Distinct Engagement of IL-1RAcP by IL-18:IL-1RI and
IL-33:ST2

Analysis of ternary complexes in solution by protein paining identifies sites that
are part of the interface between IL-1RAcP and binary cytokine-receptor pairs.
(A) Open-book representation of the interface between IL-1RACP (left) and IL-
1B:IL-1RI (right). Interface residues identified through protein painting are
colored red.

(B) Same representation for IL-33:ST2:IL-1RACP as in (A). Identified interface
residues are colored blue. See also Figures S4A and S4B. Each complex was
analyzed in triplicate, and only sites consistently identified in all replicates are
depicted.

The crystal structures of the human IL-1p:IL-1RI:IL-1RAcP and
murine IL-33:ST2:IL-1RAcP complexes were superimposable
with the respective envelopes derived from SAXS (Figure 3C).
Moreover, the SAXS-derived molecular envelope of the human
IL-33:ST2:IL-1RAcP complex was superimposable with a model
based on our crystal structure of the murine complex (Figure 3C),
confirming that the mouse and human IL-33:ST2:IL-1RAcP com-
plexes are largely indistinguishable in solution. Thus, we per-
formed all additional mutational, biophysical, and functional an-
alyses of the IL-33 signaling complex by using human proteins.

IL-33:ST2 and IL-1:IL-1RI Engage Their Shared Co-
receptor, IL-1RAcP, Differently

To interrogate these interfaces in both IL-1B:IL-1RI:IL-1RAcP
and IL-33:ST2:IL-1RAcP complexes in more detail, we used pro-
tein painting, which involves adding dye molecules that bind pro-
tein surfaces with high affinity to a protein complex as well as to
its individual components. The bound dye molecules block pro-
tease sites, and comparing the generated peptide pattern of the
complex with the individual proteins by mass spectrometry can
reveal the interface of the complex. Previously, protein painting
had been applied to identify a region within the interface of the

IL-1B:IL-1RI:IL-1RAcCP complex; this region was subsequently
targeted with a peptide that disrupted complex formation and
signaling (Luchini et al., 2014).

Although the contact sites from protein painting generally
confirmed the binding mode of IL-1RAcP with its binary com-
plexes as seen in the crystal structures, these sites were
distinctly distributed (Figure 4). For IL-1RACP in complex with
IL-1B:IL-1RI, we confirmed IL-1RACPRr306 as the single site iden-
tified by protein painting (Luchini et al., 2014). On the receptor
side, IL-1Rlk17g and IL-1RIr4gp Were close to the three-way inter-
face around the IL-1RAcP c2-d2 loop (Figure 2C). As a confirma-
tion of this interface, we identified IL-1Bk43g within the cytokine
$11-12 loop. Moreover, we found IL-1Bkss in the B4-5 loop and
IL-1Bk109 in the B8-9 loop to be affected by co-receptor binding.
In contrast, in the IL-33:ST2:IL-1RAcP complex, we identified
several additional residues in IL-1RAcP as being affected by
IL-33:ST2 binding. Residues of IL-1RAcP, including R157,
K216, K343, and K346, formed an extended interface arranged
along the spine of the co-receptor (Figure 4B). This also corre-
sponded to the pattern observed on ST2, which had five affected
residues. Whereas ST2K163 engaged the IL-1RAcP c2-d2 loop
(Figure 2B) at the top of the complex, residues K127, K130,
K241, and K312 formed an extended interface running down to
the D3 domain, which aligned with IL-1RACP residues R157,
K216, K343, and K346 in the ternary complex. No contact re-
gions with IL-1RAcP were identified in IL-33, and likewise, IL-
1RACPRr3os Was not affected by IL-33:ST2 binding. Altogether,
the protein-painting analysis suggests that the engagement
of the cytokine in the IL-33:ST2 complex is distinct from that in
the IL-B:IL-1RI complex.

Kinetic Analysis of Co-receptor Engagement Revealed
Differential Usage of Common Motifs in IL-1 and IL-33
Complexes

To gain a more detailed and dynamic view of the interactions be-
tween human IL-1 and IL-33 ternary complexes in solution, we
conducted hydrogen-deuterium exchange mass spectrometry
(HDX-MS), in which the kinetic analysis of deuterium incorpora-
tion into the protein complex allows the determination of intrinsic
protein flexibility, which can change upon complex formation. In
each case, we compared the HDX patterns of the ternary com-
plexes with those of the binary receptor-cytokine complexes
and IL-1RAcP alone (Figure 5A). Overall, the data fit the models
from the crystal structures well. The interface areas between IL-
1RACcP and the two binary complexes contained those peptides
that were most protected from deuteration. The peptides with
the largest differences between the two states (IL-1RAcP bound
versus unbound) on the receptor side were found in the hydro-
phobic patch region of ST2 (peptide 166-172) and IL-1RI
(peptide 129-142, which lay directly below the B strand and con-
tacted the hydrophobic patch on the co-receptor side) (Fig-
ure 5B). An IL-1RI peptide containing the residues closest to
IL-1RACP in the crystal structure around IL-1Rl1go (Figure 2E)
could not be identified during the analysis.

Beyond these similarities of the complexes, peptides derived
from cytokine loops B4-5 and B11-12 displayed different ex-
change behavior. Both IL-18 and IL-33 B4-5 loops exhibited
reduced exchange in their respective ternary complexes only
at later time points, which indicated that the formation of the
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Figure 5. Hydrogen-Deuterium Exchange Mass Spectrometry Reveals Kinetic Behavior of Signaling Complexes in the IL-1 Family

(A) Summary of kinetic analyses. A summation of the observed deuteration differences between ternary complexes and either the IL-1RAcP monomer or the
cytokine-primary-receptor binary complex is plotted onto the surface of the IL-1B:IL-1RI:IL-1RAcP (top) and IL-33:ST2:IL-1RAcP (bottom) structures in open-
book representation for easy visualization of the interacting surfaces. The cytokine is outlined in black in the binary complexes. Discussed peptides are indicated.
Gray areas indicate unidentified peptides.

(B-D) Kinetic traces for peptides in (B) the hydrophobic patch regions of IL-1RI (left) and ST2 (right), (C) the B4-5 (left) and p11-12 (right) loops of IL-1p and IL-33,
and (D) the c2-d2 loop of IL-1RAcP. Data represent the average of three independent experiments + SD.

(E) Comparison of ternary-complex dissociation as observed by HDX-MS (dashed lines) and calculated from SPR analysis (solid lines).

See also Figures S4C and S4D.
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ternary complex had some indirect effects on the dynamic
behavior of this region (Figure 5C). However, the IL-33 B4-5
loop exhibited a higher percentage of deuteration overall, indi-
cating that this region was more amenable to exchange and sug-
gesting that the B4-5 loop of IL-33 was just as flexible in the
ternary complex as it was in both its binary complex (Liu et al.,
2013) and unbound (Lingel et al., 2009) forms. In contrast, the
B11-12 loop in IL-1B (peptide 134-146) exhibited only half as
much deuteration in the ternary complex as in the binary com-
plex at the earliest time point (Figure 5C), indicating that this
loop was shielded from greater exchange upon binding the co-
receptor and verifying that this region contributed to the engage-
ment of IL-1RAcP (Figure 2C). IL-33 exhibited markedly different
behavior. Peptide IL-33(250-258), including two-thirds of the
B11-12 loop (IL-33(251-261)), was already highly deuterated at
the earliest time point, indicating accessibility of this region
even in the ternary complex, and accordingly, this region was
not influenced by co-receptor binding (Figure 5C). In contrast,
peptide IL-33(259-264), including the remainder of the $11-12
loop, was destabilized in the ternary complex, which showed
more HDX than the binary complex (Figure 5C). This suggests
that IL-1RAcP binding imposed a change in secondary structure
here, an effect not seen for any other region in either com-
plex. We observed similar behavior between peptides IL-
1RAcP(182-196) and IL-1RAcP(188-196), which both contain
the IL-1RAcP(183-190) peptide in the c2-d2 loop (Figure 5D)
that bound to the cytokine $11-12 region (Figures 2B and 2C).
Binding of IL-1B:IL-1RIl and also of IL-33:ST2 to IL-1RAcP
reduced exchange, albeit to a larger extent in the former com-
plex. This indicates that this loop engaged the complex of IL-
33:ST2 and IL-1B:IL-1Rl in a fashion similar to that seen in the
crystal structures (Figures 2B and 2C); however, it made more
stable contact in the IL-1B complex, as evidenced by reduced
deuterium exchange for peptide IL-1RAcP(182-196) even at
the earliest time point. In contrast, the same peptide in the IL-
33 ternary complex exhibited no significant differences for the
two earliest measurements. In addition, the observed differ-
ences could be attributed to the first half of the peptide because
peptide IL-1RAcP(188-196) exhibited similar behavior in both
ternary complexes (Figure 5D).

The peptide with the highest percentage of protection of
hydrogen-deuterium exchange in both complexes was IL-
1RAcP(150-156) (Figure S4C), which included IL-1RACP,s5 in
the hydrophobic patch region of IL-1RAcP (Figures 2D and
2E). This peptide exhibited exchange behavior with EX1 ki-
netics (Weis et al., 2006) (i.e., the complex dissociation rate
was much slower than the exchange rate), which resulted in
bimodal mass spectra for this peptide (Figure S4D). Deconvo-
lution of the individual components, which allowed for the
determination of the fraction of dissociated—and thus
exchanged—peptides (Figure 5E) (Guttman et al., 2013), sug-
gests that the IL-33 ternary complex dissociated faster (half-
life of 10 min) than the IL-1B complex (half-life of >30 min).
When we measured the binding of both binary complexes to
IL-1RACP by surface-plasmon resonance (SPR) spectroscopy
(Table S2), we found that the dissociation rate was faster for
the 1L-33 ternary complex (2.7 x 10~* s '; half-life of 26 min)
than for IL-1p (4.7 x 107* s7; half-life of 43 min).The HDX-
MS analysis confirmed that IL-1RAcP uses similar motifs to

engage IL-1B:IL-1RI and IL-33:ST2 but employs these differ-
ently in each complex.

IL-33 Signal Initiation Is Less Cytokine Dependent Than
Is IL-1B

To gain a more detailed understanding of the distribution of bind-
ing energy within the interfaces of the human IL-1 and IL-33
signaling complexes, we undertook a comprehensive alanine-
scanning mutagenesis analysis (Cunningham and Wells, 1989)
in which we generated a total of 76 mutants and measured their
effects on the binding of the binary complexes to IL-1RAcP by
SPR (Figure 6, Figures S5 and S6, and Table S2). This allowed
us to clearly identify common IL-1RAcP-binding hotspots that
were used for both IL-1B:IL-1RI and IL-33:ST2. In both com-
plexes, IL-1RAcP)1s5a contributed approximately 4 kcal/mol
and IL-1RAcPy+goa provided more than 2 kcal/mol of binding en-
ergy. These residues were central to two of the common struc-
tural features of these signaling complexes (Figures 2B-2E). In
contrast to these commonalities, we identified additional hot-
spots that were unique to either IL-1B:IL-1RI or IL-33:ST2.
Residue IL-1RACPyog9 in the D3 domain was important for
IL-33:ST2 binding, but this same residue made a negligible
energetic contribution to IL-1B:IL-1RI binding. Conversely, IL-
1RACPRr30s; Which is a hotspot for IL-1B signaling (Luchini
et al., 2014), contributed energetically in a substantial way only
to IL-1B:IL-1RI binding. Another residue previously suggested
to be important for the formation of ternary complexes is IL-
1RACPs205 (Wang et al., 2010), which formed a hydrogen bond
to IL-1Bpy4s in IL-1pB ternary complexes but contacted neither
IL-33 nor ST2 directly in the IL-33:ST2:IL-1RACP structure (Fig-
ure S2C). The binding analysis verified this observation. Mutation
of IL-1RACPgsgsa influenced binding to IL-1RAcP only by IL-
1B:IL-1RI but not by IL-33:ST2.

Furthermore, only a single hotspot on IL-1Rl, residue 1182,
faced the hydrophobic patch around IL-1RAcCP,y55 (Figure 2E).
In IL-1B, several residues contributed more than 0.5 kcal/mol
of binding energy to complex formation. IL-1Bpss and IL-1Bkss
resided on the B4-5 loop and interacted with IL-1RACPRsge. IL-
1B1106 resided on B strand 8 and made contacts with IL-1RAcP.
IL-1Bq126 Was part of the hydrogen-bonding network that
engaged loop c2-d2 in IL-1RAcP (Figure 2C). Finally, IL-1Bp14s,
previously identified as important for the agonist function of
IL-1B (Ju et al., 1991), interacted with IL-1RACPggs.

In contrast to IL-1RI, which showed a very narrow spatial
distribution of binding energy, ST2 exhibited a much broader
distribution with more contributing residues (Figure 6D). Of the
residues that exhibited substantial effects on binding energy,
ST2h1e2 and ST2k463 coordinated loop c2-d2 of IL-1RAcCP (Fig-
ure 2B), and residues ST2r1g5, ST2v167, and ST2p1e9 Were all
part of the hydrophobic patch that faced IL-1RAcPys5 (Fig-
ure 2D). Residues ST2ry0s and ST2,,5¢¢ faced residue IL-
1RACPy569 in the D3 domain (Figure 2H). Also, the hydrogen
bond between residues ST2x457 and IL-1RACPy»39 in the D2D3
linker region contributed to binding (Figure 2F). The alanine-
scanning mutagenesis analysis of IL-33 revealed no pronounced
hotspots (Figure 6E). Of all mutants that we analyzed, IL-33p175a
exhibited the largest effect on binding; it resided in the p4-5 loop
and formed a hydrogen bond through its main chain to IL-
1RACPs303 (Figure S2B).
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Figure 6. Binding Analysis of IL-1 Signaling Complexes Reveals Differential Distribution of Binding Energies at Interfaces with IL-1RAcP

(A-E) Affinities for the interaction between the IL-1p:IL-1RlI or IL-33:ST2 complex and IL-1RAcP (mutants and wild-type) were measured by SPR and converted to
differences in binding free energy with the formula AAG =R X T X In(Kp mut/Kp,w). Values represent the average of at least three independent experiments. Error
bars represent SEM. (A) Analysis of IL-1RAcP mutants for binding to either IL-1p:IL-1RI or IL-33:ST2. (B-E) Analysis of IL-1RI (B), IL-1B (C), ST2 (D), and IL-33 (E)

mutants.

(F) Results of binding analysis are plotted onto crystal structures. Top: the IL-1p ternary complex is rendered as a surface in open-book representation for easy
visualization of the binding interface. Mutated residues are colored according to their change in binding free energy, AAG. The corresponding interface from the
other half of the complex is indicated with a black outline. In the case of the binary-complex outline on IL-1RAcP (left), the approximate separation between
cytokine and receptor is indicated in orange. Bottom: same analysis for the IL-33 ternary complex.

See also Figures S5 and S6.

In total, the alanine-scanning mutagenesis analysis revealed
two common mechanisms in IL-1RAcP engagement: (1) the
mainly hydrophobic interaction around IL-1RAcP,is5, which
included a conserved hydrophobic spot on the primary receptor
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side, and (2) the coordination of IL-1RAcP loop c2-d2 by the
cytokine and primary receptor, mainly through an extended
hydrogen-bond network. However, whereas the first was equally
important for IL-1B:IL-1R1 and IL-33:ST2 binding to IL-1RACP,
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the latter contributed mainly to binding of IL-1B:IL-1RI to IL-
1RACP. In contrast, IL-33:ST2 had more contacts of energetic
importance with IL-1RAcP in the interface formed by their D3
domains.

IL-33 Signaling Depends Less on Direct Cytokine-Co-
receptor Interactions Than Does IL-1 Signaling

We next determined whether the observed differences in binding
affinity translated to differences in signaling. We observed a sig-
nificant reduction in hlL-33-mediated signaling for ST2 mutants
K127A, H162A, K163A, and D169A, the latter of which exhibited
the largest reduction in signaling (Figure 7). This was in line
with the observations from the direct binding assay. However,
we found that none of the interactions between the D3 domains
of ST2 and IL-1RAcP had a substantially negative effect on
signaling.

In accordance with the observations from the binding assay,
few mutations in IL-33 had an effect on signaling. Mutations
with the clearest reduction in signaling in comparison with that
of wild-type IL-33 included IL-33 mutants Y129A, G174W, and
L264A. Whereas IL-33y129a €xhibited reduced ST2 activation,
the corresponding mutant IL-33y29r sShowed normal activation,
specifically implicating its aromatic ring in potentially stabilizing
the IL-33 B11-12 loop by packing against it (Figure 2B). The mu-
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Figure 7. IL-33 Signaling Depends Less on
Direct Cytokine-Co-receptor Interactions
Than Does IL-1B

Signaling was assessed in HEK293T-based re-
porter cells containing an IL-8 promoter-driven
luciferase. Cells were activated with either 5 pM
IL-33 or 100 pM IL-1B, and luciferase activity was
measured 5 hr after stimulation.

(A) The location of mutants at the IL-1RACP inter-
face is indicated on the binary cytokine-receptor
surfaces (left, IL-1B:IL-1Rl; right, IL-33:ST2) and
colored according to how their activity relates to
that of wild-type signaling. The binding site of IL-
1RACP is projected onto the binary cytokine-re-
ceptor surface (black outline).

(B) Signaling-assay results that form the basis for
the coloring in (A). For ST2 mutants (upper left),
data were normalized to those of co-transfected,
constitutively active firefly luciferase for trans-
fection efficiency. For analysis of cytokine mutants
(IL-33 in the upper right and IL-18 in the lower
right), results were normalized to those of wild-
type cytokines. Data represent the average of
three independent experiments, each conducted
in triplicate. Error bars represent SEM.
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tation with the largest reduction in binding
affinity, IL-33p1754, did not show a sub-
stantial reduction in activation. However,
introduction of a bulky side chain at the
previous residue in the IL-33 B4-5 loop
by mutation IL-33g174w might have influ-
enced the flexibility of this region and
thereby the interaction with IL-1RACP,
although this effect was seen only in
signaling but not binding. Finally, IL-
33.264a €Xxhibited the largest reduction in signal activation. This
residue did not make direct contact with IL-1RAcP. However, it
sat underneath the IL-33 $11-12 loop and might have influenced
its conformation (Figure S2C).

In contrast, in the IL-1B complex, the corresponding residue,
IL-1Bp145, formed a hydrogen bond to IL-1RACPs,0s. This resi-
due is important for IL-1p activity (Ju et al., 1991; Wang et al.,
2010) (and also Figures 6C and 7B). In the IL-33 complex, both
residues were much farther apart (11.4 A between both Cu
atoms) than in the IL-13 complex (7.7 ,&). Reverting this residue
in IL-33 to aspartate (IL-33_564p), as found in IL-1B, restored IL-
33 activity (Figure 7B), indicating either that IL-33 can approach
IL-1RAcP more closely than observed in the crystal structure to
form the hydrogen bond seen in the IL-18 complex or that this
residue is important for stabilization of the 11-12 loop and
that IL-33, 264p can be substituted without significant effects on
signaling. The B11-12 loop is one of the most divergent areas be-
tween human and murine IL-33 in both sequence and length (Fig-
ure S3), a quality that makes it difficult to exactly predict its
molecular interactions with IL-1RAcP on the basis of the murine
complex structure. To assess the potential differences, we
substituted the murine $11-12 loop for the human loop in human
IL-33 (IL-33mp11-12) and observed a reduction in signaling.
Considering that we saw an increase in flexibility in this region

Q70N Q7 >
E TS
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by HDX-MS (Figure 5C), the chimeric protein could have altered
flexibility in this region to make productive engagement of IL-
1RAcP more difficult. No other IL-33 mutations of interface res-
idues affected signaling substantially.

Mutants of IL-1 exhibited larger losses in signaling than mu-
tants of I-33 (Figure 7). The same mutations that had the largest
effects on binding (Figure 6) also showed the largest reductions
in signal activation. For example, IL-1Bps4a and IL-1Bkssa ON the
B4-5 loop exhibited the largest reduction. Also, IL-1Bpq45a in the
extension of the p11-12 loop (Figure S2C) exhibited reduced
signaling through IL-1RI. Together, these data confirm the direct
contribution of individual residues of IL-1f to signaling, whereas
IL-33 signaling depended less on single residues contacting
hIL-1RAcP than on an interface that was more distributed
(Figure S7).

DISCUSSION

Through combined structural, molecular, and functional ap-
proaches, we discerned the basis for sharing the main co-recep-
tor in the IL-1 family, IL-1RAcP. Our data allowed us to define
several conserved interaction motifs between the shared recep-
tor IL-1RAcP and its binary cytokine-receptor complexes,
including (1) loop c2-d2 of IL-1RAcP, which forms a cytokine-
sensor loop that engages both the cytokine and its primary re-
ceptor; (2) residue IL-1RACP}y55, Which acts as a hydrophobic
hook; and (3) polar interactions between the primary receptor
and the linker region between domains 2 and 3 of IL-1RAcP.
Also, the D3 domains of both receptors engaged each other by
using similar contact points on the co-receptor side, although
they employed markedly different chemical strategies on the re-
ceptor side.

The molecular basis for receptor sharing by the IL-1 family of
cytokines can be compared according to the principles govern-
ing receptor sharing for other major cytokine families. The previ-
ous comparison of the signaling complex IL-1B:IL-1RI:IL-1RAcP
with the non-signaling complex IL-13:IL-1RIl:IL-1RAcP suggests
the use of disparate interactions for complex formation with the
exception of the hydrophobic patch around IL-1RAcP,55 and IL-
1RACP|20¢ (Thomas et al., 2012). With the IL-33:ST2:IL-1RAcP
signaling complex, we have demonstrated that the interface
contains additional shared motifs, and although overlap exists
in the engagement of residues in the receptor D3 domains, the
chemical nature of these interactions is distinct. Within the com-
mon y-chain cytokines, shape complementarity and stem-loop
contacts between the two membrane-proximal receptor do-
mains seem to enable receptor sharing (Wang et al., 2009).
Receptor sharing of gp130, in contrast, relies more on the recog-
nition of different cytokine surfaces through chemically unique
interactions. Additionally, within the interferon family, type | inter-
ferons engage their receptor through common anchor points
(Thomas et al., 2011). Recently, the structure of an affinity-
enhanced type Il interferon (IFN-1) with the IFN-A-specific recep-
tor IFN-AR1 and its co-receptor IL-10RB, which is shared
between several cytokines in the IL-10 superfamily, revealed
the similar use of anchor points on the co-receptor to engage
several distinct cytokines (Mendoza et al., 2017).

Although IL-1RAcP employed a virtually unchanged interface
to engage two largely distinct binary cytokine-receptor pairs, it
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used the same residues as anchor points. A starkly distinguish-
ing factor was the contribution of IL-1f and IL-33 to complex sta-
bility and signaling (Figure S7). Whereas IL-1B contributed
almost half of the BSA to the interface with IL-1RAcP, IL-33 pro-
vided roughly a quarter, which was reflected in the energetic
contributions of IL-1B and IL-33 to binding and complex stability.
It appeared that the major influence of IL-33 on signaling activa-
tion occurred through stabilization of ST2 in a conformation that
was compatible with IL-1RAcP binding. Indeed, the relative
orientation of the primary receptor D1D2 and D3 domains was
highly flexible in the absence of cytokine. For ST2, this has
been shown experimentally (Liu et al., 2013) and through
modeling (Yang et al., 2016). Upon IL-33 binding, a single confor-
mation is stabilized (Liu et al., 2013). Although IL-1RlI is similarly
stabilized in a single conformation by IL-18 binding, the major in-
fluence on ternary complex formation and signaling activation in
this case was proper presentation of this cytokine to IL-1RAcP
by its cognate receptor, such that the cytokine could be involved
in nearly all important interactions. In contrast to the cognate re-
ceptors, IL-1RACP exhibits much less flexibility (Liu et al., 2013),
most likely because its D2 and D3 domains are closer to the
linker between them (Wang et al., 2010).

Although ST2 made extensive contacts with IL-1RAcP through
its D3 domain, and although these contacts proved to be impor-
tant for complex stability, they appeared to be unimportant for
signaling in our assays. At least in the context of the full-length re-
ceptors, the binding interface formed in the membrane-distal part
of the receptor complex exhibited elevated importance, meaning
that the restricted diffusion of the full-length receptor in the cell
membrane might compensate for the affinity loss that was
measured for the soluble proteins. Also, we almost exclusively
measured the effect of single mutations, whereas combinatorial
mutants might lead to more noticeable changes in signaling. In
other receptor systems, changes in binding affinities likewise
do not always correlate with signaling outcomes. Similar to IL-4
variants (Junttila et al., 2012), IL-13 variants engineered to span
several orders of magnitude of affinity reveal a “buffering zone”
where increases in complex stability do not correlate with
increased signaling potency (Moraga et al., 2015). Modeling sug-
gests that receptor endocytosis becomes the rate-limiting step
for activation (Moraga et al., 2015) in these cases.

Together with the observation that the region around IL-
1RACP,455 exhibited a dissociation rate of the complex on the
same timescale as the overall rate measured by SPR, the negli-
gible contribution of IL-33 to co-receptor binding suggests that a
stepwise process for the formation of ternary complexes leads to
productive signaling. First, the cytokine binds its primary recep-
tor, thereby stabilizing the arrangement of its D1D2 and D3 do-
mains in an IL-1RAcP-receptive manner. Then, this binary com-
plex engages IL-1RAcP, most likely through initial long-range
electrostatic interactions (Selzer et al., 2000). Subsequently,
the hydrophobic hook around IL-1RAcP,155 engages the corre-
sponding patch on the receptor side before the cytokine-sensor
loop (IL-1RACP c2-d2 loop) binds at the seam of the cytokine and
primary receptor. This causes the D3 domains to zipper up.
These binding steps ultimately cause the intracellular receptor
TIR domains to be positioned closely enough to form a platform
for MyD88 recruitment and signal initiation through the Myddo-
some (Vyncke et al., 2016).



The antagonistic activity of IL-1Ra can be attributed at least in
part to its distinct loops facing the co-receptor binding site, and
the swapping of these loops into IL-18 drastically reduces the af-
finity of a binary complex to IL-1RAcP. This highlights the impor-
tance of the IL-1 agonist cytokine in recruitment of IL-1RAcCP. In
contrast, no antagonistic cytokine has been described to directly
counteract IL-33 signaling. Given that IL-33-mediated signal
activation relies mainly on the stabilization of ST2, this is ex-
pected. For IL-33, the main regulation of cytokine signaling on
the receptor level happens through the alternatively spliced re-
ceptor sST2, which acts as a decoy receptor. In contrast, at least
one bona fide antagonist, IL-36Ra, exists for the IL-36 subfamily,
the third set of IL-1RAcP-dependent cytokines in the IL-1 family
(Glnther and Sundberg, 2014; Towne et al., 2011), and we
expect that in these cases the agonistic cytokines IL-36q, IL-
368, and IL-36+ will also make larger contributions to co-recep-
tor binding than will IL-33.

We focused our comparison of IL-33:ST2 to IL-1B:IL-1RI
because these represent the biophysically best-characterized
molecules in the IL-1 family. Biologically, however, IL-1a is
more closely related to IL-33 than to IL-18. Like IL-33, IL-1a is re-
cruited to the cell nucleus and only released upon cell stress,
when it acts as an alarmin (Rider et al., 2013). And like IL-33,
IL-1o0 has activity in its precursor form, but its activity is
augmented by protease processing. Whether this relationship
extends to the molecular mechanism by which the IL-1a
signaling complex is formed remains to be seen.

IL-37, another IL-1 cytokine with nuclear translocation, has
anti-inflammatory properties via interaction with IL-18Ra and
SIGIRR (IL-1R8) (Nold-Petry et al., 2015). SIGIRR has also
been demonstrated to negatively regulate IL-33:ST2 signaling
(Bulek et al., 2009), raising the intriguing possibility that IL-33
can also recruit SIGIRR as an alternative co-receptor to nega-
tively regulate inflammation.

Evolution of the IL-1 family provides insight into distinct de-
pendencies on antagonistic cytokines or decoy receptors. IL-
33 evolved with placental mammals, given that it is not found
in birds, and is an evolutionarily younger protein (Sattler et al.,
2013) than IL-1B. In contrast, ST2 orthologs have been found
in mammals and in both birds and fish, indicating a more ancient
role independent of IL-33. Moreover, there is evidence of sST2
function independent of IL-33 (e.g., in liposaccharide-induced
monocyte and dendritic cell activation; Nagata et al., 2012;
Takezako et al., 2006), and full-length ST2 has been shown to
inhibit TLR4 signaling via recruitment of commonly used adaptor
proteins containing TIR domains (Brint et al., 2004). With no
antagonistic cytokine for ST2 and only a single agonistic cyto-
kine available, no evolutionary pressure exists for IL-1RAcCP to
distinguish between different ST2-bound cytokines, potentially
explaining why IL-33-mediated signal activation depends more
on ST2 than on IL-33. In contrast, IL-1RI and IL-36R each have
several agonists and at least one antagonist, and thus cytokine
contributions dominate.

Finally, IL-33 signaling is an attractive therapeutic target for
many indications (Liew et al., 2016). Our results suggest that tar-
geting IL-33 directly might prove less effective than targeting its
cognate or co-receptors. Moreover, the identification of com-
mon and distinct hotspots for the binary complexes of IL-1p:1L-
1Rl and IL-33:ST2 on IL-1RAcP will help enable the targeted

development of biologics that could block these signaling path-
ways either simultaneously or independently, depending on the
desired clinical outcome.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Monoclonal anti-gp120 N12-i3 Guan et al., 2013; in house N/A

Bacterial and Virus Strains

E. coli BL21(DE3) pLysS Millipore Sigma Cat#69451
Chemicals, Peptides, and Recombinant Proteins

Naphthionic Acid Sigma Aldrich Cat#70862
Fast Blue B salt Sigma Aldrich Cat#D9805
Fast Red RC salt Sigma Aldrich Cat#44750
Fast Dark Blue R salt Sigma Aldrich Cat#F0750
Acid orange 50 Sigma Aldrich Cat#S468576
Trypan blue MP Biomedicals Cat#02195532
Erythrosine B TCI America Cat#T0557
Deuterium Oxide (D20) Cambridge Isotope Laboratories Cat#DLM-11-100
Kifunensine GlycoFineChem Cat#FC-034
TEV In house N/A

EndoA In house N/A
Carboxypeptidase A Sigma Aldrich Cat#C9268
Carboxypeptidase B Sigma Aldrich Cat#C9584
Critical Commercial Assays

Nano-Glo Luciferase Assay Promega Cat#N1120
Nano-Glo Dual-Luciferase Reporter Assay Promega Cat#N1610
FugeneHD Promega Cat#E2311
Superdex75, prep grade GE Healthcare Cat#17104401
Superdex 200, prep grade GE Healthcare Cat#17104301

HisTrap excel
HiTrap ConA

GE Healthcare
GE Healthcare

Cat#17-3712-05
Cat#28-9520-85

HisPur NiNTA resin ThermoFisher Scientific Cat#88221
Deposited Data

1L-33:ST2:IL-1RACP structure This study PDB: 5VI4
Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-3216
Recombinant DNA

pET30 Millipore Sigma Cat#69909
pcDNA4/TO Thermo Fisher Scientific Cat#V102020
pNL2.2 Promega Cat#N1071
pGL4.53 Promega Cat#E5011

Software and Algorithms

Clustal Omega

Phenix

Phaser (as part of Phenix)
Coot

XDS
Aimless (as part of CCP4)
PISA (as part of CCP4)

Goujon et al., 2010
Adams et al., 2010
McCoy et al., 2007
Emsley et al., 2010

Kabsch, 2010
Evans and Murshudov, 2013
Krissinel and Henrick, 2007
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http://www.ebi.ac.uk/Tools/msa/clustalo/
http://phenix-online.org/
http://phenix-online.org/
http://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

http://xds.mpimf-heidelberg.mpg.de/
http://www.ccp4.ac.uk/html/aimless.html
http://www.ebi.ac.uk/pdbe/pisa/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BioXTASRaw Nielsen et al., 2009 http://sourceforge.net/projects/
bioxtasraw/

GNOM Svergun, 1992 http://www.embl-hamburg.de/biosaxs/
gnom.html

DAMMIF Franke and Svergun, 2009 http://www.embl-hamburg.de/biosaxs/
dammif.html

PLGS 2.5.1 Waters http://www.waters.com

DynamX 3.0 Waters http://www.waters.com

PyMol Schrédinger http://www.pymol.org/

Biacore T100 Evaluation Software

GraphPad Prism 5

GE Healthcare
GraphPad Software

http://www.biacore.com

http://www.graphpad.com/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Eric J.
Sundberg (esundberg@ihv.umaryland.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For protein expression in E. coli, strain BL21(DE3)pLysS was used. Transformed cells were grown in shaker flasks in LB medium at
37°C until OD600 of 0.6, temperature was reduced to 18°C and protein expression induced by addition of 0.1 mM IPTG. Cells were
harvested after 18 hr and kept frozen until protein purification.

For protein expression in HEK293T cells, cells were grown in shaker flasks in Freestyle F17 medium (Thermo Fisher Scientific),
supplemented with GlutaMAX and Geneticin at 37°C and 5% CO2. For cell signaling assays, HEK293T cells were grown under
the same conditions but in static culture. Cell line identity was not separately verified.

METHOD DETAILS

Plasmids and Proteins

The proteins and genes used correspond to the following UNIPROT database entries: murine IL-33 (ID Q8BVZ5), human IL-33
(095760), human IL-1B (P01584, containing an additional serine at the amino-terminus), murine ST2 (P14719), human ST2
(Q01638), human IL-1RI (P14778), murine IL-1RAcP (Q61730), and human IL-1RAcP (Q9NPH3). For expression of cytokines, murine
IL-33 (residues 108-266), human IL-33 (112-270) and human IL-18 (116-269, with mutation D116S) were subcloned into plasmid
pET30 containing an N-terminal hexahistidine-tag followed by a TEV protease site. All receptor DNA was subcloned into
pcDNA4/TO (ThermoFisher Scientific) replacing their native secretion signal with the one found in plasmid pHLsec (Aricescu
et al., 2006), except for full length ST2 and human IL-1RAcP, which were cloned with their native secretion peptide. In particular,
the following residues were subcloned: murine ST2 (26-326), human ST2 (19-321), human IL-1RI (18-336), murine IL-1RAcP (21-
350), and human IL-1RAcP (1-350). After secretion peptide removal, human ST2 and murine IL-1RAcP contained three additional
amino acids at their amino-termini (glutamine, threonine, and glycine). For binding studies, human IL-1RAcP was fused to human
19G+-Fc. Except for full length ST2, all receptor proteins contained a hexahistidine-tag at their carboxy-terminus. All point mutations
were generated following the Quikchange protocol (Agilent). Clustal Omega (Goujon et al., 2010) was used for sequence alignments.

Protein Expression and Purification

All cytokines were expressed in E. coli, typically overnight at 18°C. After cell lysis, proteins were purified by IMAC (HisPur NiNTA resin,
ThermoFisher Scientific). The His-tag was removed by TEV digest and untagged cytokines were purified by another pass over a NiNTA
column. All receptors were expressed transiently in HEK293T cells. After transfection using PEI, cells were cultured for 84 hr in Free-
style F17 medium, supplemented with GlutaMAX and Geneticin (Thermo Fisher Scientific). Proteins were purified from the supernatant
using IMAC (His Trap Excel, GE Healthcare). As a final step all proteins were purified by size-exclusion chromatography (SEC)in 10 mM
HEPES, pH 7.4, 150 mM NaCl (cytokines using Superdex75 and receptors and complexes using Superdex200, prep grade media, GE
Healthcare). All cytokine preparations (except those used for crystallization) contained additionally 2 mM DTT.

Crystallization and Structure Determination

It has been suggested that activity of IL-33 is auto-regulated by oxidation of its cysteine residues (Cohen et al., 2015). Accordingly, for
crystallization, all four cysteines in the mature cytokine were mutated to serine. The receptor proteins were deglycosylated. During
transient expression, HEK cell cultures were supplemented with kifunensine (1 png/mL) and resulting high-mannose type N-linked
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glycosylation was removed using EndoA from Arthrobacter protophormiae (Takegawa et al., 1997) (produced in house). Initial at-
tempts to deglycosylate the wild-type proteins revealed that the proteins were incompletely deglycosylated. Mass-spectrometric
analysis revealed that some N-linked glycosylation sites were entirely refractory to enzymatic digest and that others were incom-
pletely glycosylated. Thus, several N-linked glycosylation sites in mIL-1RAcP were mutated to glutamine (N107Q, N111Q, N196Q,
N209Q) to generate mIL-1RACcP for crystallization. Removal of similarly identified partially and non-deglycosylated N-linked glycan
sites in mST2 led to poor yields and therefore wild-type mST2 was used for crystallization. To increase homogeneity of deglycosy-
lated proteins, mIL-33:ST2 and mIL-1RAcP were separately passed over a column with immobilized Concanavalin A (GE Healthcare).
The flow through was then purified by SEC, proteins were concentrated, and mIL-33:ST2 and mIL-1RAcP were mixed at an equimolar
ratio, incubated for 1 hr at RT and again passed over a size-exclusion column. The complex was concentrated to 7 to 8 mg/mL and
subjected to crystallization by vapor-diffusion. Initially, clustered needles grew in the PEG/lon Screen (Hampton Research) in 20%
PEG 3350, 0.2M NaMalonate, pH 6. The crystal form was slightly improved by the addition of 0.2 M NaThiocyanate and repeated
rounds of microseeding. Finally, in situ proteolysis with 1/100 (m/m) Carboxypeptidase A and Carboxypeptidase B (Sigma-Aldrich)
further improved the crystal form. The final crystal grew in 16% PEG 3350, 0.2 M NaMalonate, pH 6, 0.2 M NaThiocyanate. Crystals
were cryo-protected by soaking in mother liquor supplemented with 20% (v/v) glycerol. A dataset was collected from a single crystal
at APS beamline GMCA 23-ID_D.

The dataset was processed using the XDS package (Kabsch, 2010) and AIMLESS (Evans and Murshudov, 2013). Initial phases
were obtained by molecular replacement using the program PHASER (McCoy et al., 2007) using the model of murine IL-1RAcP
(PDB: 4YFD) and human ST2:1L-33 (PDB: 4KC3) with all non-conserved side chains truncated to their Cp-atom as a search model.
The final model was built using iterative rounds of refinement with the Phenix program package (Adams et al., 2010) interspersed with
manual model building in COOT (Emsley et al., 2010). The final model was deposited with the accession code PDB: 5VI4. Buried sur-
face area was assessed through PISA (Krissinel and Henrick, 2007). Structure representations were generated with PyMol (The
PyMOL Molecular Graphics System, Schrodinger, LLC).

Small Angle X-Ray Scattering (SAXS)

SAXS data were collected at Cornell High Energy Synchrotron Source, beamline G1, using a dual Pilatus 100K-S SAXS/WAXS de-
tector (Acerbo et al., 2015). Each protein complex was measured at 5, 2.5 and 1.25 mg/mL in 10 mM HEPES, pH 7.4, 150 mM NaCl,
2% (v/v) glycerol. Protein concentration was determined by absorption at 280 nm with extinction coefficients calculated from the
relevant protein sequences using ProtParam (Wilkins et al., 1999). Both for human and mouse IL-33 ternary complexes, IL-33 mu-
tants with all of their cysteine replaced by serines were used. The samples exhibited no concentration-dependent effects within
the sampled range, and for subsequent analysis the scattering profile of the highest concentration was used. Data were averaged
from ten 1 s exposures of an oscillating sample. Initial data analysis was conducted using the BioXTAS RAW software (Nielsen
et al., 2009). Radial distribution functions were calculated using GNOM (Svergun, 1992), and molecular envelopes were generated
using DAMMIF (Franke and Svergun, 2009).

Direct Binding Analysis

Kinetic parameters and affinities of protein-protein interactions were measured by surface plasmon resonance (SPR) analysis using a
Biacore T100 biosensor (GE Healthcare). 1000 response units (RU) of Protein A from Staphylococcus aureus (Sigma Aldrich) were
immobilized on all channels of a CM5 sensor chip. Approximately 150 RU of Fc-tagged IL-1RAcP were directly captured from
cell-culture supernatants on flow cell 2. On reference flow cell 1 the unrelated antibody N12-i3 (Guan et al., 2013) was captured
at the same level (150 RU). Binding experiments were carried out in 10 mM HEPES, pH 7.4, 150 mM NaCl, 0.05% (v/v) Tween20
at 25C by single cycle kinetic analysis using five concentrations of a threefold titration series for ST2:IL-33 binding or a twofold titra-
tion series for IL-1RI:IL-1B binding, if not indicated otherwise. In between runs the sensor surface was regenerated with two 30 s in-
jections of 20 mM HCI. Sensorgrams were double referenced against the control flow cell and buffer injections. Data were fitto a 1:1
binding model using the Biacore T100 Evaluation Software.

Signaling Studies

To measure the activities of cytokine variants, HEK293T cells were transiently transfected with a luciferase gene (nano-Luc, plasmid
pNL2.2, Promega) under the control of the IL-8 promoter (Towne et al., 2011) using FugeneHD (Promega). For measurement of IL-1f3
and variants thereof, cells were only transfected with the reporter gene construct as the cells endogenously express IL-1RAcP and IL-
1Rl (Huang et al., 1997). For analysis of IL-33 and its variants, cells were additionally transfected with full length ST2 (with a mass ratio
of reporter to receptor plasmid of 25/1). For analysis of ST2 mutants, cells were also transfected with a second, constitutively active
reporter gene (pGL4.53, Promega) to allow for normalization of transfection efficiency. 18 hr after transfection, cells were harvested
and seeded into 96 well plates at a concentration of 40,000 cells/well. Cells were stimulated with 5 pM IL-33 or 100 pM IL-18. Initial
titrations showed that both receptors are well below full activation at these concentrations. After 5 hr stimulation, cells were lysed and
luciferase activity was determined using a Veritas luminescence reader (Promega).

Hydrogen-Deuterium-Exchange Mass Spectrometry
The coverage maps for all proteins were obtained from undeuterated controls as follows: 3 pL of ~50 uM sample in 10 mM HEPES,
pH 7.4, 150 mM NaCl was diluted with 27 puL of the same buffer at room temperature followed by the addition of 30 uL of ice cold

e3 Immunity 47, 510-523.e1-e4, September 19, 2017



quench (100 mM Glycine, 6.4 M Guanidine-HCI, 100mM TCEP, pH 2.4). After 2 min, 60 uL of 100mM Glycine buffer, pH 2.5 was
added prior to the injection. The quenched samples were injected into a Waters HDX nanoAcquity UPLC (Waters; Milford, MA)
with in-line pepsin digestion (Waters Enzymate BEH pepsin column). Peptic fragments were trapped on an Acquity UPLC BEH
C18 peptide trap and separated on an Acquity UPLC BEH C18 column. A7 min, 5% to 35% acetonitrile (0.1% formic acid) gradient
was used to elute peptides directly into a Waters Synapt G2 mass spectrometer (Waters; Milford, MA). MSE data were acquired with
a 20 to 30 V ramp trap CE for high energy acquisition of product ions as well as continuous lock mass (Leu-Enk) for mass accuracy
correction. Peptides were identified using the ProteinLynx Global Server 2.5.1 (PLGS) from Waters. Further filtering of 0.3 fragments
per residue was applied in DynamX 3.0.

For each construct, the HD exchange reactions were performed as follows: 3 pL of ~50 pM sample in 10 mM HEPES, pH 7.4,
150 mM NaCl was incubated in 27 uL of 10 mM HEPES, 99.99% D20, pD 7.4, 150 mM NaCl. All ST2 complexes and controls
(ternary, binary and IL-1RACcP) were acquired using a LEAP autosampler controlled with HDxDirector, whereas all IL-1RI complexes
and control were acquired by manual quenching and injection. All reactions were performed at 25°C. Prior to injection, deuteration
reactions were quenched at various times (10 s, 1 min, 10 min, 1 hr and 2 hr) with 30 uL of 100 mM Glycine buffer, 6.4 M Guanidine-
HCI, 100 mM TCEP pH 2.4, followed 2 min later by the addition of 60 pL of 100mM Glycine buffer, pH 2.4. Back exchange correction
was performed against fully deuterated controls acquired by incubating 3 pL of 50 uM of each sample in 27 uL 10 mM HEPES,
99.99% D20, pD 7.4, 150 mM NaCl containing 7 M deuterated Guanidine DCI and 5 mM TCEP for 2 hr at 25°C prior to quenching
(without guanidine HCI). All deuteration time points and controls were acquired in triplicate.

The deuterium uptake by the identified peptides through increasing deuteration time and for the fully deuterated control was deter-
mined using Water’s DynamX 2.0 software. Correction for back exchange of deuterium with hydrogen after quenching and quanti-
tation of differences in normalized deuterium levels were carried out as described in (Houde et al., 2011). EX1 type cooperative
unfolding was analyzed using HX-Express2 (Guttman et al., 2013).

Protein-Painting by Mass Spectrometry

Samples were prepared and analyzed as outlined previously (Luchini et al., 2014). In particular, a mix of six different dyes (Figure S4A)
was suspended at 5 mg/mL in 10 mM HEPES, pH 7.4, 150 mM NaCl. Dye 1, Dye 2 and Dye 3 were synthesized by mixing equimolar
concentrations of Naphthionic Acid with Fast Blue B salt, Fast Red RC salt, and Fast Dark Blue R salt, respectively. The powder mix-
tures were then dissolved in MilliQ water. After allowing the reaction to proceed for 15 min at room temperature, the dye solutions
were spun down (10 min, 16.1 rcf, 25 C) and the supernatants used in protein painting immediately. Proteins were added to the
dye mix at a final concentration of 1.2 uM in a total volume of 50 pl. Solutions were allowed to incubate for 2 min at room temperature
under rotation. The samples were then loaded on size-sieving Sephadex columns (mini Quick Spin Oligo Columns, Sephadex G25,
Roche) and centrifuged at 1,000 g for 1 min at room temperature. The flow-through was collected, denatured with urea (final con-
centration 2 M), reduced in 10 mM dithiothreitol (15 min at 37°C), alkylated with 50 mM iodoacetamide (15 min, room temperature
in the dark) and digested with trypsin (Promega) at 1:10 (w/w) protease/protein ratio for 2 hr at 37°C. Solutions were acidified with
6 uL of glacial acetic acid to stop the trypsin reaction. Tryptic peptides were purified by Pierce C18 columns (Thermo Fisher Scientific,
89870) following manufacturer’s instructions, and analyzed by reversed-phase liquid chromatography nanospray tandem MS (LC-
MS/MS) using an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific). After sample injection by autosampler,
the C18 column (0.2 x 50mm, Michrom Bioresources, Inc.) was washed for 2 min with mobile phase A (0.1% formic acid) and pep-
tides were eluted using a linear gradient of 0% mobile phase B (0.1% formic acid, 80% acetonitrile) to 50% mobile phase B in 40 min
at 500 nanoliter min-1, then to 100% mobile phase B for an additional 5 min. The Orbitrap Fusion Tribrid mass spectrometer (Thermo)
was operated in a data-dependent mode in which each full MS scan was followed by five MS/MS scans where the five most abundant
molecular ions were dynamically selected for collision-induced dissociation (CID) using a normalized collision energy of 35%. Tan-
dem mass spectra were searched against a custom-made database containing the sequences of IL-18, IL-1RI, IL-1RAcP, IL-33, and
ST2 with Proteome Discoverer Software (Thermo Scientific) using tryptic cleavage constraints. High-confidence peptide identifica-
tions were obtained by applying the following filter criteria to the search results: Xcorr versus charge > = 1.9, 2.2, 3.5 for 1+, 2+, 3+
ions; ACn > 0.1; probability of randomized identification < 0.01. Comparison of differentially identified spectra allowed localization of
interface residues (Figure S4B).

QUANTIFICATION AND STATISTICAL ANALYSIS

Details about the statistical analysis and sample size of the different experiments can be found in the figure legends. In general, we
used single protein samples for the crystal structure determination, the small angle scattering studies, and the mass-spectrometry-
based analysis, while the direct binding analysis and signaling studies were conducted with multiple biological replicates. Further-
more, at least three independent experiments were conducted in all cases except the X-ray-based studies. For HDX experiments
data were given as mean + SD while for SPR and signaling studies mean + SEM was plotted. GraphPad Prism 5 was used for
data plotting.

DATA AND SOFTWARE AVAILABILITY

The accession number for the crystal structure of IL-33:ST2:IL-1RAcP reported in this paper is PDB: 5VI4.
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