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Abstract

Interleukin-33 (IL-33) is an IL-1 family protein that induces a type-2 immune response. [L-33 is constitutively expressed
in epithelial cells and released in response to the cell damage or stimulation by an allergen. The secreted protein

is activated when the N-terminal domain is cleaved by a protease, and the active form signals downstream immune
cells, such as eosinophils, by binding to the heterodimeric ST2:IL-1RACP receptor complex on the cell surface. The
binding stimulates an inflammatory response, and the abnormal inflammatory response can cause allergic diseases
such as atopic dermatitis and asthma. Inhibition of the interaction between IL-33 and ST2 is an attractive target

to control the inflammatory disease at the upstream of the signaling. However, discovering the chemical moieties
that bind to the protein—protein interaction interface is a challenging task due to the relatively wide and shallow bind-
ing pocket compared to the enzyme’s active site. For the IL-33-specific binder discovery, a series of IL-33 mutants were
designed, and an electrophile chemical library was screened. Herein, we described the backbone 'H, "N, and '*C
resonance assignments of three IL-33 (117-270) mutants. Based on the assignments, the binding site of a selected
compound by this approach was determined by 2D NMR. These results provide valuable information for further stud-
ies in drug discovery targeting the IL-33 and ST2 interaction.

Introduction

Over a hundred million patients suffer from atopic der-
matitis worldwide. The symptoms can be initiated by a
variety of factors. When allergens stimulate epithelial
cells, TLSP and interleukin-33 (IL33) are released, which
leads to the activation of type-2 immune cells (Imai 2019;
Warren et al. 2021; Meephansan et al. 2013; Klonowska
et al. 2018; Sugita and Akdis 2020). Conventional drugs,
such as antihistamines or steroids, target symptom relief
after immune response activation, but these are not the
fundamental treatment. However, an allergic reaction
can be efficiently regulated if IL-33 is controlled in the
early stage of the immune response. IL-33 is activated
by an N-terminal domain cleavage by a protease after
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it is secreted from epithelial cells (Imai 2019; Park et al.
2017). The mature form of IL-33 signals downstream
immune cells through binding the heterodimeric ST2:IL-
1RACP receptor complex. IL-33 makes direct contact
with its primary receptor ST2 (Liu et al. 2013; Lingel
et al. 2009). We aim to find small molecules that interrupt
the interaction so that the further allergic response can
be inhibited. Protein—protein interaction (PPI) inhibitor
discovery is very challenging because the binding surface
is wide and shallow. In addition, structure changes may
be induced by binding, and the binding affinity of small
molecules is weak (Allen and Lumb 2020). Thus, we used
a Cys-focused fragments library (Enamine) for com-
pound screening. The compounds in the library have a
unique binding moiety and a functional group that forms
a covalent bond to the sulfthydryl group of cysteine at the
ST2 receptor binding surface. For this purpose, intrinsic
cysteine residues were mutated to alanine or serine, and
a cysteine was introduced near the ST2 binding pocket
of IL-33. Three mutants were constructed: IL-33 (117, 270
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c259ar IL-33 (117 to 270) C2088, C227A, 2324, and C2595) and IL-33

(117 to 270) C208S, C227A, C2324, 2595, and E269c- LC—MS was uti-
lized to detect the complex formation. Ligand binding

mode was described by a chemical shift perturbation
(CSP) measurement of NMR. Resonance assignments of
IL-33 mutants were carried out to map the compound
binding site.

Mutant design and binding study

The target protein, human IL-33 S117-T270 constructs,
has four intrinsic cysteine residues. To make compound
binding occur at the hydrophobic binding surface specifi-
cally, the intrinsic cysteines were mutated to Ala or Ser,
and a single cysteine was introduced near the binding
interface by site-directed mutagenesis. We constructed,
expressed, and purified the three mutants of IL33, named

IL-33 (117 to 270) C259A» IL-33 (117 to 270) C208S, C227A, C232A, and

casos and IL-33 (117 (6 270) caoss, C227A, C2324, C2595, and E269C"
We conducted the backbone-resonance assignment of

the mutants based on the triple-resonance 3D experi-
ments using '°N- and '*C- labeled mutant proteins or 3D
NOESY and TOCSY experiments using '°N-labeled pro-
tein (Grzesiek, et al. 1992; Ovchinnikov et al. 1989).

Mutation assignment

IL-33 (117 to 270) C208S, C227A, C232A, and C2595/ IL-33 4Cys'K 0.

Assignment of the IL-33 (117, 270) c20ss, c2074, C2324, and C2595
mutant was done by acquiring standard triple resonance

experiments (HNCACB, HNCOCACB, HNCACO,
and HNCO) on cryo-probe equipped 700 MHz NMR
spectrometer (Bruker, Korea Basic Science Institute) at
208 K. The data were processed by NMRpipe and ana-
lyzed by NMRview (Delaglio et al. 1995; Johnson 2004).
The sequential backbone assignment was performed with
the assistance of the CYANA auto assignment program
(Schmidt and Guntert 2012). The 'H-°N HSQC spec-
trum was well-dispersed, and 137 residues were assigned
among 147 non-proline residues. Two residues, Q167
and H168, located at the dynamic loop between g4—85,
and four residues, N222, M223, H224, S225, at the -turn
between 88—p9, were not identified by the triple reso-
nance experiments. Strip plots of the HNCACB spec-
trum show sequential connectivity from E172 to D175

(Fig. 1).

IL-33 (117 to 270) C208S, C227A, C232A, C259S, and E269C

For the IL-33 (117 to 270) C208S, C227A, C232A, C259S, and E269C
mutant resonance assignment, cross-peaks of the 'H-">N

HSQC spectrum were peak-picked by NMRview (John-
son 2004). Then, the assignment was accomplished by
comparing its spectrum with the 'H-">N' HSQC spectrum
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Fig. 1 HNCACB strip plot of the IL-33 (11714 270) caoss, 2274, 232, and C2595
mutant showing sequence connectivity from E172 to D175
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Fig. 2 Overlay of the 2D 'H-""N HSQC spectra with one letter code
and residue number of IL-33 (117 270) ca0ss, C2274, €232, and c2s0s (BlACk)

and IL-33 (11716 270) 2085, 2274, 232, C2595, and E260c (GraY)

of IL-33 4Cys-K.O. The two spectra show similar disper-
sion patterns, as shown in Fig. 2. There was a little change
due to a single mutation close to the c-terminal residue.
5268 is located next to the mutated residue. The chemi-
cal sift of S268, therefore, is moved to higher ppm at the
"H-""N HSQC spectrum of IL-33 (117 270 caoss, c2274,
C232A, C2595, and E26oc- Other peaks, as shown in Fig. 2, pre-
sented small changes; therefore, the assignments were
easily traced down. A total of 115 residues were assigned
among 147 non-proline residues. The number of assigned
residues was less than IL-33 4Cys-K.O. but it was enough
to describe CSP at the PPI surface.
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IL-33 (117 to 270) C259A
The purpose of the screening was to identify a chemical

moiety with a non-covalent binding affinity to the tar-
get site of the IL-33 protein. Although wild-type IL-33
(117 to 270) can be used for the binding study, the
wild-type protein is known to be very unstable due to
oxidation of the cysteine residues in the protein (Cohen
et al. 2015). We tested the stabilities of the mutants and
found that IL-33 (117 4, 270) 2594 Was stable against the
oxidation. In addition, the C259 residue is in the long
loop between B11—812, which is not involved in the
binding to the ST2 receptor (Lingel et al. 2009). Thus,
we planned to use this mutant for further binding stud-
ies with non-covalent inhibitors. We expressed and
purified the *N-labeled IL-33 (117 to 270) C2504 Mutant,
and the protein remained stable during NMR experi-
ments. The 'H-'>N HSQC spectrum of C259A was
well-dispersed with uniform intensities. Sequence-spe-
cific assignments were confirmed by 3D N-NOESY
and TOCSY on an 800 MHz NMR spectrometer
(Bruker, Korea Basic Science Institute) (Ovchinnikov
et al. 1989). The TOCSY data was acquired using
60-ms DIPSI2 spin-lock mixing, and NOESY data
were acquired using a 100-ms mixing time. In total,
138 residues were assigned among the 147 non-proline
residues.

CSP binding study with a selected inhibitor

We obtained target site-specific binders from screening
and characterized the binding by 2D NMR experiments
(Kim et al. 2021). To confirm that the selected compound
had a non-covalent binding affinity, the reactive warhead
was linked through a long and flexible linker containing
more than ten hydrocarbons (Fig. 3A). The binding reac-
tion was performed with the IL-33 (117 to 270) C2085, C2274,
C2324, €259, and E260c Mutants. The 2D "H-""N HSQC spec-
tra of the labeled proteins were measured in the presence
and absence of the compound (Fig. 3B). The site-specific
interactions between the IL-33 protein and the com-
pound were visualized by a CSP measurements based on
the 'H-'N HSQC spectra (Williamson 2013). The resi-
dues with significant CSP were mapped on the wild-type
IL-33 X-ray crystal structure (Fig. 3C, PDB ID: 4K3C)
(Liu et al. 2013).

Conclusion

In this study, three IL-33 mutants were designed for the
screening of the selective binding compounds by NMR
spectroscopy. Their >C/!°N- or '°N- labeled samples
were prepared and backbone resonance assignments
were accomplished. The assignment data can be used for
drug screening and provided the valuable information for
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Fig.3 A Chemical structure of the IL-33 binder. A reactive maleimide

functional group is linked through a flexible linker. B Selected 'H-'°N

HSQC 0f IL-33 (1171 270) Ca0ss, 2274, 2328, C2595, and E260c N the presence
(red) and absence (black) of binder compound. C The residues

presenting modest and large CSP are depicted in yellow and red,
respectively

the 3D structure determination of protein—drug com-
plexes. The ligand binding mode was assessed based on
the measured NMR signal changes of IL-33 caused by a
new ligand binding at the ST2 receptor binding interface.
This approach can be widely applied to the PPI inhibi-
tor screening and new drug designing based on complex
structure determination.

Abbreviations

TLSP Thymic stromal lymphopoietin

ST2 Suppression of tumorigenicity 2

PPI Protein—protein interaction

NMR Nuclear magnetic resonance

CSp Chemical shift perturbation

LC-MS Liquid chromatography-mass spectrometry

NOESY Nuclear Overhauser effect

TOCSY Total correlation spectroscopy

HSQC Hetero-single quantum correlation

CYANA Combined assignment and dynamics algorithm for NMR

approach
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The online version contains supplementary material available at https://doi.
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Additional file 1. Table 1. Resonance assignment of IL-33 (117 to 270)
C208S, C227A, C232A, and C259S mutant. Table 2. Resonance assignment
of I-33 (117 to 270) C208S, C227A, C232A, C259S, and E269C mutant.
Table 3. Resonance assignment of IL-33 (117 to 270) C259A mutant.
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