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ABSTRACT: Molecular characterization of the binding epitope of IL-23R and
its cognate cytokine IL-23 is paramount to understand the role in autoimmune
diseases and to support the discovery of new inhibitors of this protein−protein
interaction. Our results revealed that HDX-MS was able to identify the binding
epitope of IL-23R:IL-23, which opened the way to evaluate a peptide macrocycle
described in the literature as disrupter of this autoimmune target. Thus, the
characterization of the interactions of this chemotype by HDX-MS in
combination with computational approaches was achieved. To our knowledge,
this is the first reported structural evidence regarding the site where a small
compound binds to IL-23R.
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IL-23 is a member of the IL-12 family of pro-inflammatory
cytokines, which includes IL-12, IL-23, IL-27, and IL-35.1 IL-
23 is mainly secreted by activated macrophages and dendritic
cells located in peripheral tissues (skin, intestinal mucosa, and
lung) and has been implicated in several autoimmune
inflammatory disorders and cancer.2−4 IL-23 is a disulfide-
linked composite cytokine that shares the p40 subunit with IL-
12 but is distinguished from the latter by its cytokine unit p19.5

The receptor complex of IL-23 is composed of IL-12Rβ1 and
IL-23R. The IL-12Rβ1 is also part of the IL-12 receptor
complex, composed of IL-12Rβ1 and IL-12Rβ2. Recently, IL-
23 binding to IL-23R has been observed crystallographically.6

However, the trimeric complex structure assembling IL-23, IL-
23R, and IL-12Rβ1 is still elusive.
IL-23p19 is a nonglycosylated protein of 18.7 kDa and has

the typical four-helix bundle structure characteristic of all IL-12
type cytokines.2 IL-23p40 is a glycosylated type 1 soluble
protein of 34.7 kDa and consists of three domains.7 The
binding of p40 to p19 is mediated by p40 domains D2 and D3
and p19 site I and strengthened by an intermolecular disulfide
bridge, D1 is needed for binding of p40 to IL-12Rβ1.8

IL-12Rβ1 is a glycosylated type 1 membrane protein of 70.5
kDa with five extracellular fibronectin type III domains, of
which D2 and D3 appear to comprise a cytokine binding
module with the typical WSXWS motif in D2, a single trans-
membrane domain and a cytoplasmic domain (Figure 1A).9

The IL-23R is a glycosylated type 1 membrane protein of 69.0

kDa, with three extracellular domains, a 37-amino acid long-
stalk region, a single transmembrane domain, and a
cytoplasmic domain. The extracellular domain of IL-23R
contains a signal sequence, an N-terminal Ig-like domain, and
two fibronectin type III domains. There are seven potential N-
linked glycosylation sites in IL-23R. The transmembrane-
proximal fibronectin type III domain contains a sequence
WQPWS similar to the cytokine receptor signature WSXWS
motif.10

IL-23p40 interacts directly with IL-12Rβ1 and inhibits IL-12
and IL-23 signaling.11 It appears that IL-23 binds IL-23R with
an affinity of 44 nM, while binding IL-12Rβ1 with an affinity of
2 μM; nonetheless, the affinity of the IL-23:IL-23R complex
for IL-12Rβ1 has been described as 25 nM, despite no
apparent interaction of IL-23R with IL-12Rβ1, implying that
there is a cooperative effect, likely to be due to a
conformational change of IL-23 upon binding IL-23R, which
is indeed observed crystallographically.6

The discovery and development of highly effective anti-IL-
23 and anti-IL-23R monoclonal antibodies in the past few
years have shown significant efficacy in human studies for
psoriasis, psoriatic arthritis, etc.12,13 Cases in point are

Received: June 1, 2018
Accepted: August 1, 2018
Published: August 1, 2018

Letter

pubs.acs.org/acsmedchemlettCite This: ACS Med. Chem. Lett. 2018, 9, 912−916

© 2018 American Chemical Society 912 DOI: 10.1021/acsmedchemlett.8b00255
ACS Med. Chem. Lett. 2018, 9, 912−916

pubs.acs.org/acsmedchemlett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmedchemlett.8b00255
http://dx.doi.org/10.1021/acsmedchemlett.8b00255


Ustekinumab (targeting the p40 subunit of IL-12 and IL-23),
Tildrakizumab, and Mirikizumab (targeting the p19 subunit of
IL-23) that have revolutionized the treatment of plaque
psoriasis.14−16 Similarly, small protein therapeutics (i.e.,
Adnectins, Alphabodies, etc.) have been developed to
neutralize human IL-23.17,18 In analogy to the development
of these biologic drugs, researches have also focused their
attention on disrupting the IL-23:IL-23R protein−protein
interaction (PPI) by the use of small molecules specifically
targeting the IL-23R. For example, an octapeptide as
modulator of IL-23R that exhibited anti-inflammatory effects
has been recently reported.19 In addition to this, Protagonist
Therapeutics published a patent application describing orally
stable macrocycle peptide inhibitors of the IL-23R for treating
inflammatory bowel disease (IBD).20 Although biochemical/
cell-based assays and biophysical technical assessments have
probed the binding of this chemo-type to IL-23R, no structural
information on the IL23-R in complex with a small molecule
has been published yet.
Small molecules or peptides that modulate the interactions

of IL-23R with IL-23 would potentially represent a more
convenient and less costly treatment for autoimmune diseases.
In addition, such molecules would complement the existing
therapies if orally active. However, deeper structural insights
are needed to identify the molecular sites of interactions
between IL-23R and small molecules, particularly if SAR
optimization of the small molecule is required. Hydrogen/
deuterium exchange coupled to mass spectrometry (HDX-MS)
has proved to be a well-suited biophysical tool to study the
characterization of protein−protein dynamics in solution and
to evaluate the interactions of new chemical diversity with PPI
targets.21−27

Here, we report the application of HDX-MS and computa-
tional approaches to map and characterize the binding
interactions between IL-23 and protagonist peptide (named
Compound C, Figure 1B) with IL-23R. Our results
demonstrate the sensitivity of HDX-MS to detect and localize
the sites that contribute to the interactions of IL-23R with IL-
23 and the binding mode for the protagonist peptide, which up
to today has not been accessible by conventional structure
elucidation techniques. Furthermore, additional biophysical
techniques like surface plasmon resonance (SPR) and
functional assays were used to corroborate the binding site
proposal. To our knowledge, this is the first reported structural

evidence regarding the site where a small compound binds to
IL-23R.
To identify the dynamic of the IL-23R interface and to

evaluate how IL-23 binding affects the conformation of this
receptor, HDX-MS of the receptor alone and in complex with
the cytokine was carried out. HDX-MS experiments were
performed as described elsewhere and in the Supporting
Information.24,27 A key step in the HDX-MS protocol is the
digestion of the intact protein to yield proteolytic peptides for
measurement by LC−MS. IL-23R is a heavily glycosylated
protein that contains a single transmembrane domain. Finding
conditions to yield high sequence coverage was challenging.
However, upon optimization of the quench and digestion
conditions, a total of 48 reproducible peptides resulted from
the proteolysis step. These peptides covered 63% of the linear
sequence of IL-23R (Figure S1 in Supporting Information). A
model of the IL-23R based upon the recent crystal structure
(PDB ID 5MZV)6 shows the incorporation of deuterium into
IL-23R in the absence of IL-23 (see Figure 2). HDX data
revealed that part of the N-terminal domain (residues 24−30
and 55−61) and the C-terminal domain (last 60 amino acids)
exhibited the highest deuterium uptake even at the earliest
time points and across the entire labeling course, consequently
suggesting highly dynamic regions in the protein. Contrary to
this effect, residues 154−160, 196−224, and 282−292 were
identified as the less flexible regions (solvent protected). The
HDX-MS on the apo-receptor therefore suggested that these
domains exhibit different degrees of hydrogen-bonding and/or
solvent accessibility.
The differential HDX analysis of IL-23R in the presence and

absence of IL-23 revealed two regions located within the N-
terminal domain (residues 24−42 and 88−113) that exhibited
strong protection from deuterium uptake (see Figure 3A). The
region 24−42 covered by overlapping peptide fragments (24−
30, 24−32, and 31−42) showed a large decrease in deuterium
uptake at the shortest time point, but negligible difference at
the longest time point (see uptake profile plots Figure S2A in
Supporting Information). In contrast, peptide fragments
located in region 88−113 display the largest difference in
deuterium uptake at all the exposure time points. Upon IL-23
binding, peptide fragments 88−99, 92−99, and 100−113
exhibited strong protection from 10 s to 2 h. These results
suggested two discontinuous epitopes that are important for
binding of the cytokine and of the two regions in the receptor;

Figure 1. Schematic based on Bloch et al.6 showing the domains of IL-23R (orange), the p19 helical bundle of IL-23 (blue), the three domains of
IL-23p40 (green, structurally identical to IL-12p40), and the binding site of compound C on D1 of IL-23R as identified in this paper (red star).
The membrane (brown) and putative location of IL-12Rβ1 (light gray, required along with IL-23R to form the full IL-23 receptor complex) are
also shown (A). Structure of the macrocyclic dodecapeptide Compound C inhibitor of IL-23R (B). SPR Sensorgrams (colors) of different
concentrations of Compound C against IL-23R and their fit (black) to a 1:1 binding model (C). SPR revealed the following binding parameters: ka
= 1.51 × 107 (1/Ms), kd = 2.74 × 10−2 (1/s), KD = 1.81 (nM). Because of the limited curvature observed from the sensorgrams, the SPR binding
experiment appeared to be mass transport limited. Therefore, the binding parameters should be considered an estimate.
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88−113 might be the primary site for IL-23 interaction. Our
HDX analysis is thereby in excellent agreement with the X-ray
data, demonstrating that IL-23 binds to the N-terminal
immunoglobulin domain of IL-23R not only in the solid
state but also under more physiologically relevant conditions.
To further study the interaction between IL-23R and

protagonist peptide observed with HDX-MS, binding activity
was probed through a SPR assay. Internal SPR data suggested
that it is a fast binding peptide with low single digit nanomolar
affinity. A Kd value of 2 nM was found for the interaction
between this peptide and IL-23R (see Figure 1C and

Supporting Information). In addition, the functional activity
of this molecule to disrupt the protein−protein interaction
between IL-23 and IL-23R was assayed with two different
detection technologies, trFRET and alphaLISA. The IC50

values for Compound C to disrupt the interaction between
these two proteins was also in the single digit nanomolar range,
being 2.7 ± 0.1 and 5.1 ± 1.0 nM for alphaLISA and TR-FRET
assays, respectively (n = 3 for both assays; mean ± SD).
Figure 3B shows the differential HDX analysis of the IL-23R

in complex with Compound C. Two discontinuous regions in
the receptor, spanning residues 67−75 and segments 88−99
and 100−113 located within the N-terminal in domain 1,
experienced significant decreases in deuterium uptake when
bound to Compound C (see uptake profile plots Figure S2B in
Supporting Information). A constant degree in reduced
deuterium uptake is observed across the exposure time points
with the exception of the longest time point, which exhibits a
minor difference. It is worthy of note that domain 2 and
domain 3 were hardly affected upon ligand binding. Thus, the
HDX profiles suggest that the N-terminal immunoglobulin-like
domain provides the entire binding interface for this peptide
ligand. Our HDX-MS data allow locating the binding epitope
of a macrocyclic small molecule against IL-23R for the first
time.
It is immediately apparent from comparison of Figure 3A,B

that IL-23 and Compound C broadly affect the same regions of
the IL-23R protein, with most of the effects occurring in the N-
terminal Ig-like domain, and perhaps some indirect effects
being observed in the proximal β sheet and turn regions of
domain 2 of IL-23R. The N-terminal “hook” of IL-23R may be
slightly more protected by IL-23 than by the much smaller
Compound C, while the binding site of IL-23 W-156, indicated
in Figure 3A and known to be a critical residue for binding of
the cytokine to its receptor,6,8 is close to the region of maximal
protection of IL-23R by IL-23. The similar if slightly reduced
protection seen in this region by Compound C suggests that
this ligand also occupies this site.

Figure 2. Apo heat map illustrated on a model of IL-23R built from
5MZV6 by removal of the nanobody and glycosyl groups, addition of
missing side chains, selection of one from alternate residue positions,
appropriate capping of terminal atoms, and restrained minimization.
The color (generated using the pymol spectrum command) of each α
carbon represents the magnitude of the deuterium uptake in
calculated log10 H−D exchange rate constant (purple ≤ −6.0; blue,
green, white, yellow, orange, red ≥ 0.0). An additional 56 residues at
the C-terminus showed a highly dynamic region with log10(k) in the
range 0.0 to −0.5, consistent with residues beyond Pro316
(crystallographic numbering) not being located in the crystal structure
of 5MZV. The label “C-term” refers to the last crystallographically
visible C-terminal residue.

Figure 3. Differential HDX of IL-23R in complex with IL-23 (A: IL-23p19 is shown in blue and IL-23p40 in green) and Compound C (B: ligand
shown as sticks) vs the apo state, illustrated on a model of IL-23-IL-23R built from 5MZV. The color (generated using the pymol spectrum
command) of each α carbon represents the magnitude of the change in calculated H−D exchange rate constant upon binding of the corresponding
ligand, with purple ≤ −2.0; blue, green, white = 0.0; yellow, orange, red ≥ +2.0 log units. The size of each sphere indicates confidence that the
apparent signal is truly nonzero, based upon the mean and standard deviation of the acceptable models from the Bayesian analysis, with 0.25 Å
radius indicating zero confidence and 2.0 Å indicating a confidence of 1.0.28
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In order to provide some support for the hypothesis that a
binding mode could exist for Compound C that would be
consistent with the observed effects on HDX upon ligand
binding, we carried out a docking study of compound C using
the protein structure of IL-23R derived from the crystal
structure with PDB ID 5MZV. Compound C was prepared for
docking using the standard ligprep procedure, and docking was
carried out using the SP_peptide method of GLIDE, with van
der Waals scaling of 0.6, using macrocycle sampling with
PRIME, enhanced sampling (by 4 times default values), and
the GLIDE screening setting set to keep 1,000,000 poses per
ligand with a scoring window of 200 and the best 20,000 poses
kept for energy minimization, with the ligand pose filter set to
20 kcal/mol rather than the default 0.29 The best 1000 poses
were subjected to postdocking minimization, and the best 100
of those retained. The poses thus obtained were viewed with
the HDX information, and it was immediately apparent that
one of the 100 poses (the second-best by docking score with a
value of −8.061 vs −8.072 for the “best” pose) satisfied two
key criteria that the IL-23-W156 binding site should be
occupied by an aromatic amino acid side chain from
Compound C (see above) and that the ligand should be in
contact with many of the regions that were highlighted by the
HDX experiment (see below). This pose is illustrated in Figure
4, and while it is clearly not guaranteed to be the true binding

pose, it does show that at least it is possible to find
hypothetical binding poses that are consistent with the HDX
data and other known features of importance (Figure S3 in
Supporting Information). In this pose, the ligand is in direct
hydrogen-bonding contact with I28, which is in a region
somewhat protected from exchange by this ligand (the
apparently weak signal is likely due to very fast exchange in
the apo state). Five additional backbone N−H groups are
within 4 Å of at least one ligand atom in this pose, four of
which (K72, E111−L113) are also strongly protected to
exchange, while the remaining G116 is not in the covered
region. Equally, only one of the regions where significant
protection was detected had no residues in contact with this
ligand pose; the exception is the loop from K57−F66, which
might undergo some conformational change upon ligand
binding since it is stacked above and disulfide-linked to the

E104−E111 loop that is directly in contact with the ligand in
this putative pose. There were also smaller trends toward
protective effects seen in some other regions not in contact
with the ligand, possibly due to modulation of the stability of
the secondary structure (e.g., 35−40, 90−93) and/or tertiary
structure (e.g., 152−158) of the protein in response to ligand
binding.
In conclusion, HDX-MS and computational analyses

revealed valuable information about the interactions of IL-
23R and its cognate cytokine IL-23 as well as locating the
binding epitope of a macrocyclic small molecule against IL-
23R. These studies provide new insights into the quaternary
structure of this protein−protein interaction and protein−
small molecule interaction in solution. Our HDX analysis is in
excellent agreement with the X-ray data, demonstrating that
IL-23 binds to the N-terminal immunoglobulin domain of IL-
23R not only in the solid state but also under more
physiologically relevant conditions. Importantly, the HDX
data allowed validation of the docking hypothesis about the
existence of a binding mode for Compound C in IL-23R.
Indeed, this new chemo-type might be used as a foundation for
discovery and characterization of small molecules targeting this
cytokine receptor.
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