THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 5, pp. 3470-3477, January 29, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Molecular Dissection of Human Interleukin-31-mediated
Signal Transduction through Site-directed Mutagenesis”

Received for publication, July 28, 2009, and in revised form, November 12,2009 Published, JBC Papers in Press, November 17,2009, DOI 10.1074/jbcM109.049189

Sabine Le Saux', Francois Rousseau’, Fabien Barbier’, Elisa Ravon?, Linda Grimaud, Yannic Danger?, Josy Froger,

Sylvie Chevalier, and Hugues Gascan’

From the Unité Mixte INSERM 564, Batiment Monteclair, 4 rue Larrey, 49933 Angers Cedex 09, France

Interleukin (IL)-31 is a recently described cytokine, preferen-
tially produced by T helper 2 lymphocytes and associated with
skin diseases, such as atopic dermatitis. IL-31 is a member of the
four a-helix bundle cytokine family and is related to the IL-6
subgroup. Its heterodimeric membrane receptor is composed
of the gp130-like receptor (GPL) subunit associated to the
oncostatin M receptor subunit. We identified critical amino
acids implicated in the ligand receptor interaction by computa-
tional analysis combined with site-directed mutagenesis. Six
IL-31 residues selected for their putative involvement in cyto-
kine receptor contact sites were alanine-substituted, and the
corresponding proteins were expressed in mammalian and bac-
terial systems. Biochemical, membrane binding, cell signaling,
and cell proliferation analyses showed that mutation E44A,
E106A, or H110A abolished IL-31 binding to GPL and the sub-
sequent signaling events. A second ligand receptor-binding site
involved Lys'3*, with alanine substitution leading to a protein
that still binds GPL, but is unable to recruit the second receptor
subunit and the subsequent signaling pathways. The results
indicate that IL-31 recognizes its receptor complex through two
different binding sites, and we propose a three-dimensional
model for IL-31.

Interleukin-31 (IL-31)* is a newly described T cell-derived
cytokine mostly produced by T helper type 2 cells and involved
in promoting skin disorders and regulating other allergic dis-
eases such as asthma (1-5). Mice treated with intradermal
injection of IL-31 or transgenic mice overexpressing IL-31
present increased scratching behavior and develop severe der-
matitis (1). An association of IL-31 with atopic dermatitis was
found in the IL-31 transgenic mouse phenotype that mimics the
human pathology (6).

In humans, atopic individuals have an increased tendency to
produce high levels of IL-31 in response to external trigger fac-
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tors, which may contribute to the development of pruritus.
Moreover, IL-31 mRNA is increased in circulating and skin-
infiltrating cutaneous lymphocyte antigen-positive T cells of
these patients (7). This cytokine is related to the IL-6 cytokine
family by its structure and receptor complex (8). IL-31 is a four-
helix bundle cytokine comprising two long cross-over loops
and one short loop (1, 9). The mRNA encodes for a 15.5-kDa
protein displaying an apparent molecular mass of 24 kDa in its
glycosylated form. Based on its overall length, IL-31 is quite
close to the IL-2 or granulocyte colony-stimulating factor short
chain groups of cytokines but does not display apparent homol-
ogy or functional properties with them.

The IL-31 heterodimeric receptor is composed of gp130-like
receptor (GPL, also known as GLM-R or IL-31RA) (1, 10, 11)
and oncostatin M receptor (OSMR) (12, 13). GPL was cloned as
a member of the type I cytokine receptor family (10, 11). Its
name reflects its close homology to gp130, the shared receptor
subunit of the IL-6-type cytokines (14, 15). GPL displays com-
mon structural motifs with the family of type I cytokine recep-
tors, i.e. the cytokine-binding domain (CBD) with two pairs of
conserved cysteine residues and a WSXWS box in its extracel-
lular region (16, 17). IL-31 directly binds GPL and recruits
OSMR to form the high affinity receptor (18, 19). OSMR is a
150-kDa protein composed in its external portion of a half CBD
followed by an immunoglobulin-like domain, a second com-
plete CBD, and a region consisting of three fibronectin type III
domain repeats. The OSMR subunit also contributes together
with gp130 to the formation of the type Il OSM receptor, spe-
cifically recognizing OSM (12, 13).

The binding of IL-31 to its receptor leads to intracellular
activation via recruitment of the Jakl, Jak2, STAT-1, STAT-3,
and STAT-5 signaling pathways, as well as the phosphatidyl-
inositol 3-kinase/Akt cascade. The SHP-2 and Shc adapter mol-
ecules are also recruited and contribute to an increased activa-
tion of the MAPK pathway in response to IL-31 (18 -20).

Cytokines of the IL-6 family are four-helix bundle proteins,
with an up-up down-down topology. In addition to IL-6, this
family encompasses IL-11, IL-27, OSM, leukemia inhibitory
factor, ciliary neurotrophic factor, cardiotrophin-like cytokine,
and neuropoietin (21). The a-helices and loops composing
theses cytokines are named A-D from the N terminus to the
C terminus. Crystallographic structures and site-directed mu-
tagenesis studies have shown that these cytokines interact with
their receptor through three different binding sites, numbered
1-3 by analogy with IL-6 (22, 23). Cytokines requiring a small
a-chain, like IL-6, IL-11, ciliary neurotrophic factor, cardiotro-
phin-like cytokine, and neuropoietin, bind first to the receptor
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through a site composed of residues from the C-terminal parts
of the AB loop and the aD helix.

Site 2 is located on solvent-exposed faces of the aA and aC
helices and is important for binding to gp130. Site 3 is specific to
the IL-6 family and corresponds to an additional signaling
receptor-binding site for the recruitment of gp130, leukemia
inhibitory factor receptor, or OSMR (15). Binding site 3 is char-
acterized by a conserved aromatic residue located at the N ter-
minus of the aD helix (24).

The aim of the present study was to determine the critical
binding determinants of IL-31 for interaction with and activa-
tion of its receptor components. Our results imply that Glu** in
the @A helix and Glu'°® and His''? in aC helix contribute to site
2, whereas Lys'>* in aD helix contributes to site 3. These resi-
dues are key residues for efficient recruitment of GPL and
OSMR and for functional activity of IL-31.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Cos-7 and GO-G-UVM cell lines
were grown in RPMI 1640 medium supplemented with 10%
fetal calf serum. The culture medium of Ba/F3 cells modified to
express human gp130, OSMR, and GPL was supplemented with
1 ng/ml murine IL-3. Human recombinant OSM was pur-
chased from R & D Systems (Oxon, UK). The OSMR-Fc and
GPL-Fc proteins, and IgG1 isotype control antibody were pro-
duced in the laboratory. The polyclonal anti-human IL-31 anti-
bodies used for ELISA were from R & D Systems. The anti-V5
mAb was from Invitrogen (Carlsbad, CA). The anti-STAT-3
polyclonal antibody and the mAb specific for Tyr(P)”°>-
STAT-3 were from Santa Cruz Biotechnology (Santa Cruz, CA)
and Cell Signaling (Beverly, MA), respectively. Anti-phospho-
MAPK (Thr?*?/Tyr***) and phospho-Akt (Ser*”®) mAbs and
anti-MAPK and anti-Akt polyclonal antibodies were from Cell
Signaling.

IL-31 Site-directed Mutagenesis and Protein Expression—
The cDNA encoding wt human IL-31 was cloned in the
pcDNAS3.1 vector (Invitrogen) in frame with a C-terminal V5
epitope followed by a His tag and was subjected to site-directed
mutagenesis using the QuikChange™ site-directed mutagen-
esis kit (Stratagene, La Jolla, CA) following the manufacturer’s
instructions. The mutations were verified by automatic DNA
sequencing. Cos-7 cells were transfected with wt and mutant
forms of human IL-31 cDNAs using the Exgen transfection
reagent (Euromedex, Souffelweyersheim, France). After a
72-h transfection period, the cell supernatants were col-
lected, cleared by centrifugation, and stored at —20 °C.

For bacterial production, the cDNA encoding wt human
IL-31 was subcloned in the pET41a plasmid (Novagen) coding
for the glutathione S-transferase-histidine tag thrombin-sensi-
tive site at the 5’ side of the inserted cDNA. The 3’ side con-
tained a V5 tag followed by a second histidine tag. To obtain the
mutant forms of IL-31, site-directed mutagenesis was per-
formed using the QuikChange™ site-directed mutagenesis kit
(Stratagene). After fermentation, the bacteria were disrupted,
and the lysate was loaded on a nickel-chelating column
(Qiagen). After imidazole elution, the fusion protein was
cleaved with thrombin and loaded on a glutathione column.
The unbound fraction was loaded onto a second nickel-chelat-
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ing column to obtain the purified recombinant protein. Pro-
teins were then submitted to SDS-PAGE and silver staining
analysis.

Quantification of IL-31 V5 His wt and Mutant Supernatants
by ELISA—A 96-well microtiter plate was coated with a poly-
clonal anti-human IL-31 antibody at 2 ug/ml overnight at 4 °C.
After saturation with 20% sucrose-Tris, the wells were incu-
bated with supernatant dilutions of wt and mutant IL-31 for 6 h
at 37 °C. After three washing steps using 0.05% Tween 20 with
phosphate-buffered saline, the wells were incubated with a bio-
tinylated polyclonal anti-human IL-31 antibody (0.25 pg/ml) in
0.1% bovine serum albumin, 0.01% Tween 20 with phosphate-
buffered saline overnight at 4 °C. After three additional
washing steps, streptavidin-poly-horseradish peroxidase
(Sanquin, Amsterdam, The Netherlands) (diluted 1:10,000
in 0.1% bovine serum albumin, 0.01% Tween 20 with phos-
phate-buffered saline) was added to the wells for 1 h at 37 °C.
After the washing steps, binding of the streptavidin-horse-
radish peroxidase was visualized by the addition of ABTS
substrate solution. The absorbance at 405 nm was deter-
mined using an ELISA reader.

Co-immunoprecipitation of Ligand-Receptor Complexes—
For co-immunoprecipitation experiments, OSM, wild type, and
mutant forms of IL-31 proteins were diluted to a final concen-
tration of 300 ng/ml. GPL-Fc and OSMR-Fc are two fusion
proteins made of the extracellular part of the membrane recep-
tor coupled to the Fc portion of human IgG1. OSMR-Fc, kindly
provided by B. Mosley (Immunex/Amgen, Seattle, WA), and
GPL-Fc were subcloned in the pME18S expression vector. The
soluble receptors were incubated with the indicated cytokines
overnight at 4°C. The complexes were then isolated using
Sepharose beads coupled to protein A (Amersham Biosciences)
and were submitted to Western blotting analyses as described
above. IL-31 or OSM association with the soluble receptors was
detected using an anti-V5 mAb or a biotinylated polyclonal
anti-OSM antibody (R & D Systems), respectively. Soluble re-
ceptors fused to the IgG1 Fc fragment were detected with an
anti-Fc antibody. The reaction was visualized by ECL using an
image Master camera from Amersham Biosciences (Uppsala,
Sweden).

Binding Analysis by Flow Cytometry—For the binding analy-
sis of wt and mutant IL-31, GO-G-UVM cells were incubated
for 1 h at 4 °C with wt or mutant IL-31-V5 His (700 ng/ml),
followed by an additional 30-min incubation step with the
anti-V5 mAb (10 pg/ml) before incubation with a phyco-
erythrin-conjugated anti-mouse antibody (Dako). Fluores-
cence was subsequently analyzed on a FACScalibur flow
cytometer (Becton Dickinson, Mountain View, CA).

Phosphorylation Assays—GO-G-UVM cells were activated
for 10 min with the indicated cytokines before being lysed in
62.5 mm Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mm dithio-
threitol, 0.1% bromphenol blue. The lysates were subjected to
SDS-PAGE and immunoblot analysis with an antibody specific
for the phosphorylated form of signaling proteins. The mem-
branes were stripped in 0.1 M glycine, pH 2.5, for 2 h and neu-
tralized in 1 M Tris-HCI, pH 7.6, before being reblotted with the
antibody recognizing all isoform proteins.
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FIGURE 1.Sequence analysis of IL-31. A, sequence alignment of differentIL-31 orthologs selected to be the most divergent. The a-helices predicted by PsiPred
are indicated on top of the sequences, and the predicted leader sequence is highlighted by a black line. A disulfide bridge is predicted between two conserved
cysteine underlined in red. 100 and 80% conserved or type-conserved residues are highlighted in black and gray, respectively. Sites 2 and 3 are indicated with
blue and green lines, respectively, above the alignment. B, Edmundson helical wheel representation of « A, B, C, and D helices. Hydrophobic residues are in
green, neutral and hydrophilicamino acids are in orange, positively charged residues are in blue, and negatively charged residues are in red. The amphiphilicities
of the a-helices are indicated by gray crescents. C, plot representation of residue conservation scores in blue versus pMUT residue scores in red for amino acid

forming a A, C helices, and the N-terminal part of the D helix.

Proliferation Assays—Ba/F3 gp130-OSMR-GPL cells were
seeded in 96-well plates at a concentration of 5.10° cells/well in
RPMI 1640 medium containing 5% fetal calf serum. The cells
were incubated with wild type and mutants IL-31 diluted to 100
ng/ml, and then serial dilutions of the cytokines were per-
formed in triplicate. After a 72-h incubation period, 0.5 uCi of
[®H]Tdr was added to each well for the last 4 h of the culture,
and the incorporated radioactivity was determined by scintilla-
tion counting.

Bioinformatic Analyses—Bioinformatic analyses were car-
ried out using the following software: T-Coffee, PsiPred,
pMUT, Weblogo, and I-TASSER. IL-31 ortholog sequences
were retrieved from the Uniprot and GenBank™ data bases.

RESULTS

Computational Analysis of the Human IL-31 Sequence—Ma-
ture IL-31 encompasses 141 residues and is related to the short
chain cytokine subgroup, whereas at the same time, IL-31 sig-

3472 JOURNAL OF BIOLOGICAL CHEMISTRY

nals through OSM receptor 8 and gp130-like receptor, both
belonging to the long chain cytokine group of receptors. In
addition, IL-31 has no apparent homology to other known four
helical bundle cytokines, and identification of its key residues
using related cytokine alignments or homology molecular
modeling was therefore limited. To identify amino acids poten-
tially involved in the cytokine receptor-binding sites, we first
searched for evolutionarily conserved IL-31 residues. For this
purpose, 13 IL-31 orthologs (hedgehog, horse, mouse lemur,
mouse, rat, microbat, pika, rabbit, megabat, squirrel, tarsier or
Microcebus murinus, tree shrew, or Tupaia belangeri, dolphin)
were retrieved from the Ensembl data base (25) and then
aligned using a combination of local and global alignment algo-
rithms computed by T-Coffee (for simplicity the presented
alignment only shows four relevant and distantly related spe-
cies sequences) (Fig. 14). We also determined the structural
environments of conserved residues by predicting IL-31 sec-
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ondary structures with PsiPred. This software predicts second-
ary structure by scoring matrices that are mathematical repre-
sentations of sequence alignment generated by PSI-BLAST.
Important sequence plasticity was observed between the or-
thologs studied in our alignment, and most of the conserved
residues were apolar amino acids located in the a-helices form-
ing the hydrophobic core of proteins.

In addition, two cysteine residues appeared to be strictly con-
served over all the known IL-31 orthologs. These amino acids
are positioned in the predicted AB loop and aD helix, suggest-
ing a bridging pattern analogous to the ones observed for leu-
kemia inhibitory factor and OSM. Crystallographic structures
and site-directed mutagenesis studies have shown that IL-6-
related cytokines interact through two or three different bind-
ing sites numbered 1-3 by analogy with IL-6 (23). In the first
helical turn of the predicted aD helix, we looked for conserved
aromatic amino acids, which is the known hallmark of cyto-
kine-binding site 3 in the IL-6/IL-12 family of proteins (15, 26,
27). We failed to identify the presence of such a motif in the
IL-31 sequences. Then we determined a-helices amphipath-
icity by representing the predicted a-helix segments of human
IL-31 in a helical wheel format (Fig. 1B). This representation
allowed us to identify periodically buried hydrophobic amino
acids. Interestingly, the residues that contribute to the solvent-
exposed faces of the @A and aC helices and that form binding
site 2 were mostly negatively charged amino acids. No key res-
idue related to the IL-6 family binding site could be determined.

To predict potential IL-31 hot spots, pMUT scoring was
used. This software simulates exhaustive mutations throughout
the protein sequence. It combines multiple alignments, second-
ary structure predictions, and extracted information from
human mutational data bases to determine protein integrity
indexes. Values greater than 0.5 indicate potentially pathologi-
cal mutation (Fig. 1C, red bars). Then the WebLogo software,
which calculates the difference between maximum entropy and
the entropy of the observed amino acid distribution, was also
used to score residue variability among IL-31 orthologs (Fig.
1C, blue bars).

The work was focused on aA, aC, and the N-terminal por-
tion of aD helices, which are regions known to contain the
receptor-binding sites for the IL-6 cytokine family. To deter-
mine an alternative consensus score, we compared the pMUT
and the conservation scores for each amino acid and identified
residues with the highest scores determined by the two meth-
ods. These data, combined with the solvent exposure predic-
tion (buried hydrophobic amino acids were not retained), led us
to select the following hot spot residues as candidates: Asp®’,
Lys*, and Glu** in the @A helix; Asp'®®, Glu'°®, Glu'®®, and
His''° in the aC helix; and His'*!, Glu'*?, and Lys'** in the aD
helix.

Expression and Quantification of IL-31 Mutants—Based on
our predictions, we introduced the following mutations in
human IL-31 to alter its binding properties: D37A, K40A, E44A,
D105A, E106A, E109A, and H110A are predicted to disrupt
IL-31-binding site 2 and are located at the cA and aC helices;
and H131A, E132A and K134A are predicted to disrupt IL-31
binding site 3 and are located at the N-terminal part of the aD
helix. In addition, the GIn®® amino acid, located in the vicinity
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FIGURE 2. Expression and quantification of IL-31 mutants. Cos-7 cells were
transfected with the empty pcDNA3.1 plasmid (control plasmid) or with the
pcDNA3.1 plasmid encoding the V5 His-tagged wt (W.T.) or mutant IL-31.
A, Western blot (WB) was performed on Cos-7 cells supernatants. An anti-V5
antibody was used for the revelation. B, concentrations of wt and mutant
IL-31 were determined by ELISA as described under “Experimental Proce-
dures.” G, purified proteins were analyzed by SDS-PAGE and silver staining
revelation.

of IL-31 binding site 2 but not predicted as a potential hot spot
residue, was mutated to an alanine and used as an irrelevant
control for the experiments. To allow an easier protein identi-
fication, wild type and mutant IL-31 variants were tagged with a
V5 epitope followed by a His tag, and the corresponding cDNAs
were expressed in the Cos-7 cell line. After a 72-h culture
period, the supernatants were collected and analyzed for their
IL-31 content by Western blotting using an anti-V5 mAb (Fig.
2A). Among the 11 mutants analyzed, only the Q39A, E44A,
E106A, H110A, H131A, and K134A mutants were secreted
with an expected molecular mass of 24 kDa proteins, and their
expression level was similar to that of the wt protein. The
remaining mutants were not expressed, likely reflecting some
folding problems linked to the introduced mutations, and
were not further analyzed in the study (data not shown). The
average concentration of mutated forms of IL-31, as determined
by sandwich ELISA, varied between 1 and 4 pg/ml and was similar
to the wt protein concentration (Fig. 2B). Similar results were
also obtained using antibodies recognizing different IL-31
epitopes (data not shown). Taken together, these results sug-
gest that Q39A, E44A, E106A, H110A, H131A, and K134A
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FIGURE 3. Co-immunoprecipitation of wt or mutant IL-31 with sGPL-Fc or sOSMR-Fc. All proteins were
produced in the Cos-7 cell system. Cell culture supernatant of II-31 mutants was diluted to a final concentration
of 300 ng/ml. Soluble receptors were incubated in the presence of 300 ng/ml of cytokines overnight at 4 °C
before being immunoprecipitated with protein A beads. IL-31 association was detected using a monoclonal
anti-V5 antibody or OSM with a biotinylated polyclonal anti-OSM antibody. Soluble receptors fused to the IgG1
Fc fragment were detected with an anti-Fc antibody. WB, Western blot; /P, immunoprecipitation; W.T., wild

type.

mutations did not affect IL-31 folding and structure and could
be used for further functional characterization. The wt and
mutant forms of IL-31 produced in bacterial system were sub-
mitted to SDS-PAGE and silver staining analysis to control the
purity (Fig. 2C).

Induction of Ternary Complex Formation between IL-31
Mutants and Soluble GPL/OSMR—We tested the ability of
IL-31 mutants to interact in vitro with soluble forms of GPL
(sGPL) and OSMR (sOSMR). Soluble forms of GPL and OSMR
were expressed as Fc fusion proteins (sGPL-Fc and sOSMR-Fe,
respectively) and were immunoprecipitated using protein A
beads. The soluble Fc receptor-loaded beads were then incu-
bated overnight with wild type and mutated forms of IL-31 to
allow the formation of binary or ternary complexes. Interaction
of wt and mutant forms of IL-31 with their receptors were fur-
ther detected by immunoblotting using an anti-V5 antibody
(Fig. 3). OSM alone failed to recognized OSMR or GPL in agree-
ment with the literature (13). wt IL-31 or the Q39A control
mutant were able to interact with single chain GPL, whereas
E44A, E106A, and H110A mutants failed to recognize GPL
alone or in combination with OSMR. These results suggest that
Glu™, Glu'%, and His''° contribute to the definition of a bind-
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erties of IL-31 mutants on the mem-
brane receptor complex. For this
purpose, we used the GO-G-UVM
glioblastoma cell line, which spon-
taneously  expresses  sufficient
amounts of GPL and OSMR on its
surface to follow IL-31 membrane
binding by flow cytometry (11, 19). The cells were incubated
with 700 ng/ml wt or mutant IL-31, and the cytokine binding to
the cell surface was then monitored by fluorescence-activated
cell sorter analysis using a mAb directed against the V5 tag
epitope added to the ligand C terminus (Fig. 4). Signals were
readily detected when wt IL-31, the Q39A control mutant and,
the H131A (site 3) mutant were incubated with GO-G-UVM. In
contrast, we observed a nearly complete abrogation of cytokine
binding when the E44A, E106A, and H110A mutants were
added to GO-G-UVM cells. These results are in agreement with
the above experiments. Interestingly, binding of the K134A
mutant was significantly weaker compared with wt IL-31, sug-
gesting that this mutation (which targets cytokine-binding site
3) alters to some extent the IL-31 interaction with its high affin-
ity bipartite receptor.

Biological Activities of wt and Mutant IL-31—To further ana-
lyze the properties of IL-31 mutants, we studied different sig-
naling pathways recruited in response to bipartite IL-31 recep-
tor activation. For this purpose, we incubated the GO-G-UVM
cells with wt or mutant proteins and measured STAT-3,
MAPK, and Akt phosphorylation levels (Fig. 5). No or only
residual STAT-3 and MAPK recruitment was detected in
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FIGURE 4. Binding detection of wt or mutant IL-31 on the GO-G-UVM cell line by flow cytometry analysis.
700 ng/ml of wild type (W.T.) or mutant proteins were incubated for 1 h with the GO-G-UVM cell line. Indirect
detection of the binding was then performed using an anti-V5 mAb followed by a phycoerythrin-conjugated

anti-mouse antibody.

®

-
- < <o S = 3
5E832c2?
FEER R

site : 11 111

w2 @ 0 4 STAT3-P
w 0w @ & w ww ww w| { STAT3
—ames= - = w--|{ MAPK-P

- o us o @ a8 s as| { MAPK

M — i e w—

{ Akt-P

FIGURE 5. Analysis of STAT-3, MAPK, and Akt phosphorylation induced
by wt or mutant IL-31. The GO-G-UVM cell line was incubated for 10 min in
the presence of wt (W.T.) or mutant IL-31 forms (10 ng/ml for STAT-3 analysis
and 50 ng/ml for MAPK and Akt analysis), before being lysed and subjected to
Western blotting using anti-phospho-STAT-3 (STAT3-P), anti-STAT-3 (STAT3),

anti-phospho-MAPK (MAPK-P), anti-MAPK (MAPK), anti-phospho-Akt (Akt-P),
and anti-Akt (Akt) antibodies.

response to E44A, E106A, H110A, and K134A mutants, further
consolidating the notion that these four residues contribute
toward IL-31-binding sites (Fig. 5). The Akt pathway was
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> eration of the murine Ba/F3 cell line
stably transfected with human
gp130, OSMR, and GPL (rendering
this cell line responsive to both
OSM and IL-31) (19). Increasing
concentrations of mutated proteins
were added to the cultures, and
tritiated thymidine incorporation
experiments were carried out (Fig.
6). This cell line proliferated in
response to wt, Q39A, and H131A forms of IL-31 and to a
weaker level to E44A, E106A, H110A, and K134A mutants.
These results reinforce the notion that E44A, E106A, and
H110A mutations located in IL-31-binding site 2 abrogated the
cytokine interaction with GPL and altered IL-31 biological
activities. Again, the K134A mutation, located in the predicted
IL-31-binding site 3, failed to mediate signaling through the
IL-31 heterocomplex receptor, suggesting that the KI134A
mutation disrupted IL-31 interaction with OSMR.

Ab Initio Modeling of IL-31 and Selection of a Potential Model—
We tried to identify a three-dimensional model of human IL-31
that was compatible with our different data. For this purpose,
we evaluated ab initio models of IL-31 generated by I-TASSER
and selected a model that was compatible with the information
provided by our results. I-TASSER combines the methods of
threading, ab initio modeling, and structural refinement to pre-
dict a protein structure. The model selected and represented in
Fig. 7A adopts the classical four-helix bundle fold of the IL-6
cytokine family with an up-up down-down topology. It also
exhibits a predicted site 2 where all the amino acids identified
by site-directed mutagenesis (Glu**, Glu*®®, and His''°) are
well clustered. Moreover, in this model, the side chain of Lys***
is exposed to solvent and can be engaged in binding site 3. In
addition, the size of the a-helices was in agreement with the
PsiPred prediction, and the disulfide bridge between Cys”* and
Cys'*” was also well predicted. Based on the accumulated
knowledge, the model represented in Fig. 7A is a good low res-
olution model of human IL-31. Finally, the combination of our
results and the literature suggests that IL-31 binds the CBD
region of GPL via its site 2 and the Ig-like domain of OSMR via
its site 3 (Fig. 7B) (15, 24, 28, 29).
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FIGURE 6. Proliferation response of Ba/F3 cell lines transfected with
gp130, OSMR and GPL upon stimulation with wt or mutant IL-31 pro-
teins. The cells were cultured in triplicate with serial dilutions of proteins as
indicated. W.T., wild type.
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FIGURE 7. Model representation of IL-31. A, selected model of human IL-31
predicted by I-TASSER. « A, B, C, and D helices are colored in blue, green,
yellow, and orange, respectively. The predicted disulfide bridge is highlighted
in red. Binding sites 2 and 3 are indicated by gray circles. B, schematic view of
the domain structure of IL-31, OSMR, and GPL and representation of the IL-31/
IL-31 receptor complex interaction. Gray square, lg-like domain; dark gray
oval, CBD; light gray oval, fibronectin type Ill domain.

DISCUSSION

Because IL-31 has been associated with pathologies such as
atopic dermatitis, the development of proteins able to neutral-
ize IL-31 in vivo may have potential clinical interest (3, 5,
30-33). The design of mutated antagonistic forms of cytokines
often requires the identification of amino acids involved in
ligand receptor interactions (21).

The aim of the present study was to characterize the recep-
tor-binding epitopes of human IL-31. Considering the large
evolutionary distance between IL-31 and the members of the
conventional four-helical cytokine family, we applied a new
strategy to predict the IL-31 structure and select amino acid
potentially implicated in the protein-binding sites. Residue
selection was based on IL-31 ortholog conservation, analyses of
a-helices amphipathicity and charge distribution, and simula-
tion of mutations along the whole IL-31 sequence to analyze its
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stability and resulting functional implications. In a second step
these residues have been mutated, and the biological activities
of these proteins have been studied.

The structure of four a-helix bundle proteins, with an up-up
down-down topology, is characteristic of type I cytokines. Their
structural and functional analyses have allowed a classification
of most of them into two families: long chain or short chain
cytokines. Long chain cytokines (encompassing the IL-6/IL-12
family of mediators, granulocyte colony-stimulating factor, and
leptin) have a length of ~180-200 amino acids, and each helix
is made of 20-30 amino acids (34). Short chain cytokines dis-
play a length of ~140 residues with 20 amino acids/helix (35,
36). They also contain two small -sheets: one in the CD loop
and the other one in the AB loop located behind the D helix (21,
37).

IL-31isa cytokine related to the IL-6 family in part because of
the 28% sequence homology between its binding chain, GPL,
and gp130 but also because it recruits OSMRS to form its func-
tional receptor complex (1, 11, 19). The different IL-31
orthologs have a length of 164 amino acids. However, this cyto-
kine displays a specific feature; the A and D antiparallel a-he-
lices display a length of 25-28 amino acids, whereas its two
other B and C helices have a smaller length of 10-16 amino
acids. Moreover, no 3-sheet can be predicted on the AB and CD
loops in the IL-31 structure. Despite its link to the IL-6/I1L-12
cytokine family, IL-31 displays a secondary structure related to
both the long and short chain families of cytokines. The data
based on three-dimensional studies and site-directed mutagen-
esis complete the initial sequence information and two-dimen-
sional analyses.

As shown by Dillon et al. (1), the functional IL-31 receptor
associates two membrane subunits GPL (gp130-like receptor)
and OSMRp. There is no evidence for involvement of a small
a-receptor chain (contact site 1) as observed in the IL-6 recep-
tor complex, for example.

In addition, no evidence exists for the requirement of a solu-
ble moiety coupled to IL-31 as observed in closely related com-
posite cytokines such as IL-12 (38, 39), IL-23 (40), IL-27 (41), or
cardiotrophin-like cytokine/cytokine-like factor (42, 43).

The IL-6/IL-12 family members bind to their receptor chains
via well conserved hot spots. Experimental results have shown that
the long chain cytokines bind to an Ig-like domain expressed by
one of their co-receptors, defining binding site 3 (22, 44, 45).
Because no Ig-like domain is present in the GPL sequence, we can
predict that IL-31 site 3 most likely interacts with the OSMRS
Ig-like domain. The present study demonstrates that IL-31 site 3 is
located in the N-terminal part of its aD helix.

IL-31 binding site 2 is composed of residues of the «A and aC
helices and interacts with the GPL subunit. Co-precipitation
experiments using site 2 mutants enabled us to show the impor-
tance of this site for direct binding of IL-31 to GPL. Moreover,
engagement of binding to site 2 is a prerequisite step for the sub-
sequent recruitment of the OSMRP chain for receptor complex
formation. This situation is similar to those reported for leukemia
inhibitory factor, OSM, or granulocyte colony-stimulating factor
receptor complexes (13, 28, 29, 46, 47).

The identification of the residues involved in the interaction
between a cytokine and its receptor chains is essential to develop
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antagonist molecules or to select neutralizing monoclonal anti-
bodies. Indeed a recent study showed a beneficial effect of a neu-
tralizing monoclonal antibody directed against IL-31 in a model of
atopic dermatitis. The authors note an improvement in animal
scratching behavior following the injection of this molecule (48).
Based on the knowledge of IL-31/IL-31 receptor interactions, it
will now be of interest to perform saturating mutagenesis on key
IL-31 residues to develop antagonist mutants having potential for
clinical applications.
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