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Background:OSM has the unique ability to utilize either LIFR or OSMR as a co-receptor.
Results: A unique loop in OSM reduces its affinity toward both LIFR and OSMR.
Conclusion: The loop structure in OSM is responsible for determining the affinity toward the receptor complex.
Significance: Removing the loop in OSM results in a more biologically active cytokine.

Oncostatin M (OSM) and leukemia inhibitory factor are
pleiotropic cytokines that belong to the interleukin-6 (IL-6)
family. These cytokines play a crucial role in diverse biological
events like inflammation, neuroprotection, hematopoiesis,
metabolism, and development. The family is grouped together
based on structural similarities and their ability to activate the
transmembrane receptor glycoprotein 130 (gp130). The com-
mon structure among these cytokines defines the spacing and
the orientation of binding sites for cell surface receptors.OSM is
unique in this family as it can signal usingheterodimers of gp130
with either leukemia inhibitory factor receptor (LIFR) (type I) or
oncostatin M receptor (OSMR) (type II). We have identified a
unique helical loop on OSM between its B and C helices that is
not found on other IL-6 family cytokines. This loop is located
near the “FXXK” motif in active site III, which is essential for
OSM’s binding to both LIFR and OSMR. In this study, we show
that the BC loop does not play a role in OSM’s unique ability to
bind OSMR. Shortening of the loop enhanced OSM’s interac-
tion with OSMR and LIFR as shown by kinetic and equilibrium
binding analysis, suggesting the loopmay hinder receptor inter-
actions. As a consequence of improved binding, these structur-
ally modified OSMs exhibited enhanced biological activity,
including suppressed proliferation of A375 melanoma cells.

IL-6 family cytokines (IL-6, IL-11, leukemia inhibitory factor
(LIF),2 OSM, ciliary neurotrophic factor (CNTF), cardiotro-
phin-1 (CT-1), and cardiotrophin-like cytokines) possess a typ-
ical “four �-helix bundle”-like structure and act on their target

cells by forming a multimeric receptor complex that includes
the common receptor gp130 (1). Extensivemutagenesis studies
revealed that these cytokines interact with the receptor chains
through three distinct binding sites referred to as sites I, II, and
III (2, 3). Cytokines requiring a co-receptor chain (IL-6, IL-11,
CNTF, and CT-1) first bind to the co-receptor (IL-6R, IL-11R,
or CNTF receptor) through binding site I (4–8). The glycopro-
tein gp130 always interacts through binding site II, and depend-
ing on the cytokine, the third binding site (site III) is used
for recruitment of LIFR, OSMR, or a second gp130 molecule
(9–14). Research has shown that a conserved “FXXK” motif at
the core of site III is essential for all LIFR-binding proteins for
their interaction with LIFR (15–17). After recruiting the
required receptors, these cytokines signal via activation of the
Janus kinase/signal transducer and activator of transcription
(Jak/STAT) and mitogen-activated protein kinase (MAPK)
pathways (18–21).
Among its familymembers, OSM resembles LIFmost closely

both in structure and function (22). The gene encoding for
OSM, located on human chromosome 22q12, is only 20 kb
away from LIF suggesting that these two genes evolved by gene
duplication (22–25). Despite the striking similarities, OSM dif-
fers from LIF in its receptor binding. LIF first binds to leukemia
inhibitory factor receptor (LIFR) and then recruits glycoprotein
130 (gp130) for its signal transduction (12, 13, 15, 26),OSM first
binds gp130 and then recruits LIFR (12–16, 26–28). In addi-
tion,OSMcan bind to gp130 and then recruit a unique receptor
named oncostatin M receptor (OSMR) forming a distinct sig-
naling complex (13, 14, 27). Our aim was to identify the struc-
tural features on OSM that result in its unique ability to bind
OSMR and the features that result in its higher affinity toward
gp130 than toward LIFR or OSMR. Based on the structural
alignments, we have identified a helical loop on OSM between
its B and C helices that is unique to OSM and not found on LIF
or any other IL-6 family cytokine (Fig. 1). Using wild-type and
mutantOSMmolecules that have shortened BC loops, we show
that the loop presents a steric hindrance for LIFR and OSMR,
thus lowering the affinity for either receptor. Cytokines with
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deletions in the BC loop were able to activate LIFR-p130 and
OSMR-p130 receptor complexes at 3-fold lower concentra-
tions than the native OSM. Kinetic and equilibrium binding
analysis of the ligand-receptor interactions show that improved
activation is a consequence of increased affinity for LIFR and
OSMR without altering the affinity for gp130. Together, these
results suggest that the BC loop modulates OSM’s affinity
toward LIFR and OSMR by presenting a steric hindrance for
their interaction. Our studies also indicate that the BC loop
does not play a role in OSM’s unique ability to bind OSMR.

MATERIALS AND METHODS

Protein Design—cDNA for hOSM (NCBI Ref: NM 020530.3)
was obtained from Invitrogen, and the cDNAs for hLIF and
LIF05 were kindly donated by Dr. John K. Heath, University of
Birmingham, UK. The gene encoding mature OSM (amino
acids 26–217 of original OSM cDNA) was amplified using PCR
with a FLAG tag introduced at its N terminus. The gene was
then cloned into a pGEX-2T vector for protein expression as a
GST-FLAG fusion protein with a thrombin cleavage site
between the GST and FLAG tags. During the course of purifi-
cation, we observed that the native human OSM contained a
cryptic thrombin cleavage site “AGR” between its C and D he-
lices (supplemental Fig. S1). As expected, when this fusion pro-
tein was subjected to thrombin cleavage on a glutathione-Sep-
harose 4B column, it resulted in the elution of two new
fragments of sizes �17 and �6 kDa in addition to the native
OSM, which is �23 kDa (supplemental Fig. S2, lane 1). To
facilitate recombinant protein purification and to increase pro-
tein stability in vivo, we induced mutations at the DNA level
using QuikChange� sit-directed mutagenesis kit (Stratagene,
La Jolla, CA) to replace AGR with “AGA.” This modification
resulted in OSM that was resistant to thrombin cleavage (sup-
plemental Fig. S2, lane 2). The AGA modification did not alter
OSM’s functional activity on Müller cells (data not shown).
This was expected because themodification is located in a flex-
ible loop region away from the receptor-binding sites. From this
point forward, we will refer to this AGA-modified humanOSM
as the wild-type OSM (OSM-WT). Recombinant proteins with
modifications in the BC loop were made using the AGA-mod-
ified human OSM as the starting template. Therefore, all
recombinant OSM proteins we expressed lack the thrombin
cleavage site. Mutations and/or deletions of codons in the BC
loop region were performed using QuikChange� mutagenesis
kit (Stratagene, La Jolla, CA). Mutation of the FXXK motif on
wild-type and BC loop mutant OSM molecules to AXXA was
also carried out using QuikChange� mutagenesis kit (Strat-
agene, La Jolla, CA) (see supplemental Table S1 for list of prim-
ers used).
Expression and Purification of Proteins—Plasmids encoding

wild-type or the mutant OSMs were transfected into Esche-
richia coli JM109 strain for protein expression. Cultures were
grown in LB plus ampicillin (100 �g/ml) at 37 °C and 300 rpm
until they reached midlog phase (A600 � 0.6). Isopropyl �-D-
thiogalactopyranoside was then added to the culture to a final
concentration of 0.1 mM, and induction was carried out for an
additional 3 h at room temperature. Intracellular fusion protein
was recovered fromcell extracts by affinity binding to a slurry of

glutathione-Sepharose 4B beads (GEHealthcare).Washeswere
carried out as described by the manufacturer’s protocol. Isola-
tion of the FLAG-tagged proteins was achieved by cleavage of
the GST tag using human thrombin (Amersham Biosciences),
at a molar ratio of 1:500 thrombin to fusion protein, in 1� PBS
(pH 7.3) overnight at room temperature. Following cleavage,
the elution containing wild-type or mutant OSM was pooled
with an additional four batch washes (1� PBS (pH 7.3)). SDS-
PAGE analysis of eluted proteins revealed that the E. coli
expressed high amounts of wild type and M1 and M2 versions
ofOSM. TheM3mutant version ofOSMwas not expressible in
bacteria. This could be a result of structural instability in the
M3 mutant version of OSM. Cleaved proteins were further
purified by fast protein liquid chromatography (FPLC) using a
Mono Q anionic exchange column (Amersham Biosciences).
Elution was carried out with a linear gradient of 0–1 M NaCl in
20 mM Tris buffer (pH 8.0). Eluted fractions were analyzed
using SDS-PAGE. Fractions containing enriched protein were
pooled and concentrated by ultrafiltration (Millipore Corp.,
Billerica,MA). Protein identities were confirmed bymass spec-
trometry, and purities were �90% as evaluated by Coomassie
staining of the purified proteins run on a 4–20% gradient poly-
acrylamide gel (Fig. 3). Thrombin used for cleavage of the GST
tag was not detected in the MS analysis. Concentration of the
purified recombinant proteins was estimated using BCA assay
(Pierce) and using bovine serumalbumin (BSA) as the standard.
Circular Dichroism—CDmeasurements were performed on

a Jasco J-715 spectropolarimeter (Jasco, Easton, MD). Steady
state spectra were recorded by scanning in the wavelength
region between 200 and 250 nm with 0.1-cm path length and a
1-nm bandwidth at 20 °C. Spectra of blank buffer solutions
acquired under identical conditions were used for background
correction. Protein concentrationsweremaintained at 10�M in
Dulbecco’s phosphate-buffered saline (PBS) (9.33 mM potas-
sium phosphate, 136 mMNaCl, 2.7 mM KCl, 0.6 mMMgCl2, 0.9
mM CaCl2). Estimation of the �-helical, �-sheet, and loop
content in the proteins was carried out using SELCON3,
CONTINNL, and CDSSTR software programs (CD Pro�,
Lamar, CO).
Surface Plasmon Resonance (SPR)—Kinetic parameters of

the interactions between receptor domains and the cytokines
LIF, OSM-WT, OSM-M1, or OSM-M2 were analyzed by SPR
using the SensiQ system (ICX Technologies, Oklahoma City,
OK) as described by the manufacturer’s protocol. Briefly, a car-
boxyl sensor with two channel, was installed in SensiQ and
allowed to thermally equilibrate for about 15min. The channels
were initially cleaned with a 3-min injection of 0.1 M HCl. An
activation solution of 2mM1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride and 0.5 mM N-hydroxysulfosuc-
cinimide was prepared in deionized water immediately before
injection. Activation solution was injected over both channels
for�3min followed by a 10-min injection of 50�g/ml cytokine
(LIF, OSM-WT, OSM-M1, or OSM-M2) in 10 mM acetate
buffer (pH 5.0) over channel 1. Channel 2 did not receive any
cytokines and thus served as a reference for nonspecific bind-
ing. UnreactedN-hydroxysulfosuccinimide esters were capped
with a 3-min injection of 1 M ethanolamine (pH 8.0) over both
channels. Total immobilization of 500–700 response units was
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achieved for each of these cytokines. A concentration series of
soluble LIFR (catalog no. 249-LR-050/CF, R&D Systems, Min-
neapolis, MN), soluble OSMR (catalog no. 4389-OR-50, R&D
Systems), or soluble gp130 (catalog no. 228-GP-050/CF, R&D
Systems) in running buffer (10 mM HEPES (pH 7.4), 150 mM

NaCl, 3.4mMEDTA, 0.005%Tween 20)were injected over both
channels at a flow rate of 25 �l/min. Following a dissociation
period of 3 min, the surfaces were regenerated by injecting 10
mM NaOH for 30 s. Rate constants for association (ka) and
dissociation (kd) rates were derived by global analysis of the
response curves fit to a 1:1 kinetic model (Equations 1 and 2)
using QDat software (BioLogic Software, Ltd., Knoxville, TN,
and Nomadics, Inc. Stillwater, OK) using 1:1 stoichiometry,

RU � RUmaxe�kdt (Eq. 1)

RU � RUmax�1 � e��ka�Co� � kd	t	 (Eq. 2)

where RU is real time response units asmeasured by the SensiQ
instrument; RUmax is the maximum response obtainable for a
given concentration of the soluble receptor; t is time; and Co is
concentration of the soluble receptor analyte in solution.
Cell Culture and Cytokine Stimulation—HumanMüller cells

and human A375 melanoma cells were grown in DMEM/F-12
and RPMI 1640 medium, respectively, supplemented with fetal
bovine serum (10%) (Invitrogen), penicillin (100 units/ml), and
streptomycin (100 �g/ml) (Invitrogen). Cells were seeded in a
10-cm tissue culture dish at a density of 100,000 cells/plate and
allowed to grow in a 37 °Chumidified atmospherewith 5%CO2.
When the cells reached 80% confluency, the culture medium
was changed to fresh serum-free media (DMEM/F-12 or RPMI
1640 medium supplemented with penicillin (100 units/ml) and
streptomycin (50 �g/ml)). Serum starvation was carried out for
30 min before stimulation with desired doses of OSM-WT,
OSM-M1, or OSM-M2 for a period of 20 min. Following stim-
ulation, cells were harvested for measurements of STAT3 and
ERK1/2 activation by Western blots.
Western Blots—Harvested cells were homogenized in a lysis

buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA,
1% (v/v) Nonidet P-40, 5% (v/v) glycerol, and protease inhibitor
mixture (Calbiochem). Protein content was measured using
BCA protein assay (Pierce). Total protein from each sample (15
�g) was electrophoresed on 4–20% gradient SDS-polyacryl-
amide gels (Invitrogen) and transferred to nitrocellulose mem-
branes (Bio-Rad). The membranes were incubated in blocking
buffer (5% BSA in TBST (20 mM Tris-HCl (pH 7.5), 100 mM

NaCl, and 0.1% Tween 20)) for 1 h at room temperature and
then incubated overnight at 4 °C with rabbit polyclonal anti-
phospho-STAT3 antibody (catalog no. 9131, Cell Signaling
Technology, Beverly, MA) or anti-phospho-ERK1/2 (catalog
no. 9101, Cell Signaling Technology) in blocking buffer, fol-
lowed by 1-h incubation at room temperature with HRP-con-
jugated goat anti-rabbit secondary antibody (catalog no.
NA934V, GE Healthcare). Signals were visualized using Super-
Signal West Dura extended duration substrate (Pierce) and
quantified by conventional digital image analysis using Image-
Station 4000R (software from Kodak MI; Eastman Kodak Co.).
Blots were stripped and reprobed with anti-�-actin (catalog no.
ab6276-100, Abcam, Cambridge, MA) followed by appropriate

secondary antibodies. Band intensities of pSTAT3 and pERK
were normalized against the intensity of actin to account for
loading variability.
Cell Proliferation Studies—To measure cell proliferation,

ATP levels in viable cells were quantified using CellTiter-Glo
Luminescent cell viability assay (Promega,Madison,WI). A375
melanoma cells were seeded in a 96-well plate at a density of
4000 cells/well in a total volume of 200 �l of RPMI 1640
medium (Invitrogen) supplemented with fetal bovine serum
(10%), penicillin (50 IU/ml), and streptomycin (50 mg/ml).
Cells were then treated with different doses of OSM-WT,
OSM-M1, or OSM-M2 for the desired duration immediately
after seeding. Control cells were treated with carrier solution,
1� PBS. Cell population in the wells was monitored using Cell-
Titer Glo� luminescent cell viability assay (Promega, Madison,
WI) according to the manufacturer’s protocol.
Enzyme-linked Immunosorbent Assay (ELISA)—ELISA was

used to evaluate the equilibrium binding strength of the inter-
action between the cytokines and their receptors. This tech-
nique has traditionally been used as a sensitivemethod to quan-
tify the binding affinities between two interacting proteins.
However, unlike in SPR, ELISA involves immobilization of the
proteins on a flat plastic surface driven by hydrophobic and
ionic interactions. This might cause some distortion in the
three-dimensional structure of immobilized protein that leads
to inaccuracies in the estimation of dissociation constants. It
is thus important to bear in mind that the values estimated
using this technique are to be used only for comparison
between species but not as true equilibrium binding constants.
The results obtained using this techniquewill thus be presented
as apparent equilibrium dissociation constants (KD, app). For
direct interaction studies, cytokines (LIF,OSM-WT,OSM-M1,
or OSM-M2) were immobilized on the 96-well ELISA plate by
incubating the wells with 200 �l of 5 nM cytokine solution in
PBS (pH 7.4) overnight at 4 °C. The wells were then blocked
with blocking buffer (4% BSA in PBS) for 1 h at room temper-
ature. After washing with 250 �l of washing buffer (0.05%
Tween 20 in PBS) three times, the cytokines were treatedwith a
series of concentrations of soluble human LIFR (catalog no.
249-LR-050/CF, R&D Systems) or OSMR (catalog no. 4389-
OR-050, R&D Systems) in 150�l of blocking buffer for 2 h. The
wells were then incubated with 150 �l of polyclonal anti-hLIFR
(catalog no. AF249-NA, R&D Systems) or anti-hOSMR (cata-
log no.AF662, R&DSystems) in blocking buffer for 1 h followed
by incubation with 150 �l of HRP-conjugated anti-mouse anti-
body (GE Healthcare) in blocking buffer for 30 min. The wells
were then washed three times with washing buffer and treated
with 100 �l of chromogenic Slow-TMB� HRP substrate (cata-
log 34024, Thermo Scientific Fisher) for 15 min. The reaction
was then stopped by adding 100 �l of 2 M H2SO4, and the
absorbance of each well at 450 nm was read immediately using
a UV detector (iMark� Microplate Reader, Bio-Rad). For inter-
actions of a higher order, soluble human gp130 (catalog no.
671-GP-100, R&DSystems)was immobilized on 96-well ELISA
microplates by incubating the wells with 200 �l of 1 nM gp130
solution (in PBS (pH7.4)) overnight at 4 °C. Thewellswere then
blocked with 150 �l of blocking buffer (4% BSA in PBS) for 1 h
at room temperature. After washing with 250 �l of washing
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buffer three times, gp130 was treated with saturating amounts
of the cytokines (500 nM hLIF, 200 nM OSM-WT*, 200 nM
OSM-M1, or 200 nM OSM-M2) in a volume of 150 �l of block-
ing buffer for a period of 2 h. The cytokine solution was dis-
carded, and a series of concentrations of soluble human LIFR or
OSMR in a final volume of 150 �l of blocking buffer were then
added to the wells, and the incubation was continued for
another 1 h. After washing with 250 �l of washing buffer three
times, the wells were then incubated with 150 �l of polyclonal
anti-hLIFR or anti-hOSMR in blocking buffer for 1 h. After
three washes with 250 �l of washing buffer, the wells were then
incubated with 150�l of HRP-conjugated anti-mouse antibody
in blocking buffer for 30min. Thewells were thenwashed again
three timeswithwashing buffer and treatedwith 100�l of chro-
mogenic Slow-TMB� HRP substrate for 30 min. The reaction
was then stopped by adding 100 �l of 2 M H2SO4, and the
absorbance of each well at 450 nm was read using a UV detec-
tor. Equilibrium dissociation constants (KD) are estimated by
nonlinear curve fitting to the optical density values plotted

against the concentrations of soluble receptor using GraphPad
Prism software (GraphPad Software, La Jolla, CA).
Statistical Analysis—All statistical analyses were done using

SigmaStat 3.10 (Systat Software, Inc., Richmond, CA). Results
are expressed as mean 
 S.D. Differences between two groups
were assessed using Student’s t test. A “p value” of less than 0.05
was considered significant.

RESULTS

MolecularModeling of LIF andOSM; Identification of the BC
Loop—To determine the structural differences that might
account for receptor specificity, we aligned the crystal struc-
tures of hOSM (PDB code 1EVS) onto hLIF (PDB code 1EMR)
based on the trace of�-carbons usingDelano Scientific PyMOL
molecular viewer (Fig. 1). The alignment of the backbone struc-
tures fit well with a relatively low root mean square deviation
value of 4.342. The active sites II and III on both molecules
exhibited good conservation in structural orientation. Previous
reports showed that the FXXK motif is essential for OSM’s

FIGURE 1. A and B, crystal structures of LIF (PDB 1EMR) and OSM (PDB 1EVS) with their active sites and helices A, B, C, and D identified. Both structures have an
“up-up-down-down” topology with the N and C termini indicated. Also identified is the helical loop on OSM between its B and C helices. C, shown on right is the
alignment of OSM structure onto LIF based on the �-carbon trace; root mean square deviation � 4.342. D, also shown on the bottom panel is the three-
dimensional model for LIF in complex with LIFR and gp130 in the presence of OSM overlaid on LIF.
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interaction with both LIFR and OSMR (16, 29). Despite having
a similar FXXK motif, other LIFR-interacting cytokines LIF,
CNTF, CT-1, and cardiotrophin-like cytokine, however, can-
not activate OSMR (26). This suggested that the difference in
receptor specificity between hOSM and other LIFR-activating
cytokines is the result of structural differences between these
ligands in the vicinity of the core FXXK motif (16). One of the
obvious structural differences in the alignment is the presence
of an additional helical loop between its B andChelices inOSM
that is not present in LIF (Fig. 1). This BC loop is positioned in
close proximity to the FXXKmotif in active site III. Based on the
crystal structures solved for LIF in complex with LIFR (PDB
code 2Q7N) or gp130 (PDB code 1PVH), we have generated a
model for the trimeric complex of LIF-LIFR-gp130 using
PyMOL (Fig. 1D). When OSM was superimposed over LIF in
this trimeric model, the BC loop on OSM again stands out as a
unique motif at the receptor-binding interface of OSM. This
suggested that the BC loop is possibly playing an essential role
in recognizing OSMR. To test this hypothesis, we generated
substitution mutations in OSM that either remove or shorten
the length of this BC loop.
Wild-type OSM contains 12 amino acids in the BC loop

region. Using site-directed mutagenesis, we have deleted or
modified the amino acids in this region to generate OSMmol-
ecules that contained 7, 4, or 0 amino acids. Shown in Fig. 2 are
the sequences of mutant OSM molecules with truncated BC
loops (OSM-M1,OSM-M2, andOSM-M3) in comparisonwith
the wild-type OSM (OSM-WT). Glycines were incorporated
into OSM-M1 and OSM-M2 to induce flexibility into the loop
region thusminimizing the impact of this BC loopmodification
on the overall structure of OSM. OSM-WT, OSM-M1, and
OSM-M2 were expressed at high levels in bacteria (Fig. 3).
However, we were not able to express OSM-M3 in bacteria
suggesting that complete removal of the BC loop from OSM
leads to instability in the overall structure of the protein.

Structural Characterization ofOSM-M1andOSM-M2—Mi-
nor alterations in the size and composition of BC loop could
potentially induce a global change in the overall structure of
OSM. To determine whether the modified proteins
(OSM-M1 and OSM-M2) still retained native �-helical con-
tent, we analyzed the recombinant proteins using circular
dichroism (CD). Fig. 4 shows the molar ellipticity [�] plotted
against the wavelength for LIF, OSM-WT, OSM-M1, and
OSM-M2. All molecules displayed similar absorption behav-
ior. Analysis using the software programs SELCON3, CON-
TINLL, and CDSSTR revealed that both LIF and OSM have
�60% �-helical content with the remaining primarily being
loop regions. This is in good agreement with the crystal
structures available for LIF and OSM. Analysis also showed
that both OSM-M1 and OSM-M2 have similar 60% �-helical
content with the remaining being loop regions. These results

FIGURE 2. Amino acid sequences of wild-type OSM and the mutant variants of OSM with truncated BC loops. Shown in gray are the �-helices present in
the secondary structure of OSM as identified in the crystal structure (PDB 1EVS). Each of the helices A, B, C, and D are identified along with the BC loop region.
Also highlighted in an open box is the mutated thrombin cleavage site AGA, and shown in bold letters indicated by arrows is the active FXXK site on the wild-type
and mutant OSMs required by the molecules to bind LIFR and OSMR.

FIGURE 3. SDS-PAGE analysis of purified proteins. 8 �g of purified protein
is loaded into each lane.
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suggest that shortening the length of BC loop in OSM from
12 amino acids to 7 or 4 amino acids did not induce a signif-
icant global change in the overall secondary structure of
OSM.
Functional Evaluation of Wild-type and Mutant OSMs in

Activating OSMR-gp130 Complexes—To determine whether
the BC loop on hOSM is required for OSMR binding, A375
melanoma cells were treatedwith increasing doses of LIF, OSM
wild-type, or mutant forms of OSM. A375 melanoma cells are
known to express OSMR and gp130 on their cell surface,
although LIFR was not detected (14). A375 cells did not
respond to LIF as expected because these cells are known not to
express LIFR but did responded to OSM in a linear and dose-
dependent manner as demonstrated by activation of STAT3
(Fig. 5 and supplemental Figs. S3).When treatedwithOSM-M1
and OSM-M2, A375 cells exhibited a 3–4-fold increase in
STAT3 activation relative to wild-type OSM (OSM-WT)
(supplemental Fig. S3). The mutant molecules, however, did
not show any change in ERK1/2 activation compared with
OSM-WT.

Functional Evaluation ofWild-type andMutant OSMs in Acti-
vatingLIFR-gp130Complexes—Todeterminewhether shortening
the BC loop in OSM affected the ability of OSM to activate LIFR-
gp130 receptors, we used the recombinant proteins to stimulate
thehumanretinalMüller cell line.Müller cells respond tobothLIF
and OSM stimulation in a dose-dependent manner by activating
STAT3 (supplemental Fig. S3). To determine the receptor expres-
sion, the cells were pretreated with recombinant LIF05 (a mutant
LIF molecule that specifically antagonizes the activation of LIFR
but not OSMR or gp130 (15, 30)) before addition of LIF or OSM.
At doses of 50 ng/ml, LIF05was able to completely antagonize the
STAT3 activation induced by both LIF and OSM demonstrating
that the STAT3 activation inMüller cells is dependent upon utili-
zation of LIFR-gp130 and not OSMR-gp130.
Treatment of Müller cells with wild-type and mutant OSM

molecules again show that OSM-M1 and OSM-M2 induce a
2–3-fold greater activation of STAT3 compared with
OSM-WT at similar doses (Fig. 6). Also, OSM-M1 and
OSM-M2 exhibited a similar 2–3-fold higher activation of
Erk1/2 compared with wild-type OSM.

FIGURE 4. Modifications in the BC loop area of OSM did not induce a global change in the protein’s structure. A, average of three CD spectra of the purified
proteins plotted as molar ellipticity (�) versus the wavelength. B, theoretical estimation of the secondary structural content for each protein using SELCON3,
CDSSTR, and CONTINNL. Values are presented as mean of estimations given by the three programs 
 S.D.
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Removal of BC Loop Does Not Alter the Requirement of Core
FXXKMotif inActive Site III—Given its proximity to the site III,
it is possible that removal of the BC loop created an alternative
site III that could facilitate a stronger binding to LIFR and
OSMR. To determine whether the mutant OSMs, OSM-M1
andOSM-M2, still utilize the FXXKmotif to interact with LIFR
or OSMR, we mutated both Phe-160 and Lys-163 to alanines
changing themotif to AXXA. and we evaluated their activity on
Müller cells and A375 cells. Müller cells and A375 melanoma
cells were serum-starved for 30 min before addition of either the
wild-type (FXXK) or the alanine mutant versions (AXXA) of
OSM-WT, OSM-M1. and OSM-M2. Cells were incubated for 20
minwith1ng/ml cytokine (Fig. 7).As expected,mutatingFXXKto
AXXA in OSM-WT completely abolishes its ability to activate
STAT3 inbothA375melanomaandMüller cells. Similar toOSM-
WT, bothOSM-M1andOSM-M2 showed complete loss of activ-
ity upon alanine substitution at the active site III.
Shortening the Size of BC Loop Improves OSMAffinity toward

LIFR and OSMR—Compared with OSM-WT, both OSM-M1
and -M2 activated signaling to higher levels at lower concentra-
tions suggesting that removal of the BC loop onOSM increased
the cytokine’s ability to form a stable complex with the recep-
tors. To directly measure the binding kinetics of these ligand-
receptor interactions, we used SPR. The cytokines (LIF, OSM-
WT,OSM-M1, andOSM-M2)were immobilized on the sensor
chip surface, whereas recombinant soluble receptors were used
as the analytes (Fig. 8). The analysis revealed that LIF had a
23-fold higher affinity toward LIFR (KD � 3.10 nM) than gp130
(KD � 72.38 nM), although OSM had a 2-fold higher affinity
toward gp130 (KD � 22.69 nM) than LIFR (KD � 43.79 nM)
(Table 1). When the size of BC loop is reduced from 12 to 7
amino acids (OSM-M1), the affinity of OSM toward LIFR
improved dramatically (KD � 7.62 nM).When the size of the BC
loop was further reduced to four amino acids, the affinity
improved even more (KD � 2.74 nM). However, changing the
size of BC loop did not affect OSM’s affinity toward gp130 sig-
nificantly (KD � OSM-WT � 22.69 nM, OSM-M1 � 26.26 nM,

FIGURE 5. A, activation of STAT3 and ERK in A375 melanoma cells in response
to different doses of wild-type (OSM-WT) and the mutant forms of OSM
(OSM-M1 and OSM-M2). Band intensities of phospho-STAT3 (B) and phospho-
ERK (C) normalized against the band intensities of �-actin are plotted against
the concentration of cytokines used for stimulation. Values are presented as
mean 
 S.E. n � 4 where n is the number of independent cultures at each
dose. (*, p � 0.01; **, p � 0.001, compared with OSM-WT treatment at same
dose.) Shown for comparison is the normalized phospho-STAT3 induced by
LIF as estimated by the representative data shown in supplemental Fig. S3C.

FIGURE 6. A, activation of STAT3 and ERK in human Müller cells in response to
different doses of wild-type (OSM-WT) and the mutant forms of OSM
(OSM-M1 and OSM-M2). Band intensities of phospho-STAT3 (B) and phospho-
ERK (C) normalized against the band intensities of �-actin are plotted against
the concentration of cytokines used for stimulation. Values are presented as
mean 
 S.E. n � 4, where n is the number of independent cultures at each
dose. (*, p � 0.05; **, p � 0.01, compared with OSM-WT treatment at same
dose.) Shown for comparison is the normalized phospho-STAT3 induced by
LIF as estimated by the representative data shown in supplemental Fig. S3A.

FIGURE 7. OSM with truncated BC loop still utilizes the FXXK motif to
activate LIFR and OSMR. In both A375 melanoma cells (top blot) and human
Müller cells (third blot from the top) STAT3 was activated following a 20-min
incubation with 1 ng/ml of the indicated forms of OSM containing the wild-
type FXXK but not the alanine-substituted (AXXA) active site III. The actin blots
were used for loading controls.
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and OSM-M2 � 21.49 nM) (Table 1). OSM-M1 and -M2 pro-
teins with shorter BC loops clearly display a higher affinity for
LIFR still retaining their relatively high affinity toward gp130.
Together, these results suggest that the BC loop on OSM is
playing a significant role in determining OSM’s direct interac-
tion with LIFR.
Similar SPR binding studies with OSMR showed that neither

the wild-type nor the mutant OSMs (OSM-M1 and OSM-M2)

exhibit a direct interactionwithOSMR (Fig. 8). This is in agree-
ment with previous results that reported a lack of direct inter-
action between OSM and OSMR in the absence of gp130 (16).
To evaluate the binding kinetics of OSM, we needed to first
from the cytokine gp130 complex which has been demon-
strated to increase the affinity for the cytokine OSMR interac-
tion. To accomplish this, we immobilized the soluble gp130 on
the sensor chip surface and treated with human OSM followed

FIGURE 8. Kinetic analysis of soluble LIFR and soluble gp130 interaction with LIF, OSM-WT, OSM-M1, or OSM-M2. Soluble LIFR (left panels) or soluble
gp130 (right panels) at various concentrations were injected over an SPR sensor chip with immobilized ligand (LIF, OSM-WT, OSM-M1, or OSM-M2). Models are
indicated by a smooth gray line overlaid over response curve traces. See Table 1 for the binding constants.

TABLE 1
Comparison of association (ka), dissociation (kd), and equilibrium dissociation (KD) constants for LIFR and gp130 binding to LIF, OSM-WT,
OSM-M1 and OSM-M2

LIFR gp130
ka kd KD ka kd KD

�105 M�1 s�1 �10�3 s�1 nM �105 M�1 s�1 �10�3 s�1 nM
LIF 7.40 2.30 3.10 0.74 5.33 72.38
OSM-WT 0.91 4.00 43.79 2.07 4.70 22.69
OSM-M1 3.31 2.52 7.62 2.03 5.34 26.26
OSM-M2 13.0 3.56 2.74 2.27 4.87 21.49
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by OSMR.We did observe OSM-OSMR specific binding; how-
ever, accurate association and dissociation constants could not
be determined for these interactions because there was a pro-
gressive loss in the binding capacity of gp130 immobilized on
the chip. To overcome this issue, we developed an ELISA to
measure binding. In these assays, gp130 orOSMcytokineswere
immobilized on the ELISA plate and were sequentially treated
with saturating amounts of wild-type or mutant OSM. The
plates were then incubated with variable concentrations of sol-
uble OSMR. Results show that after binding to gp130, both the
wild-type and the mutant OSMs exhibit strong affinity toward
OSMR (Fig. 9B; Table 2). Again, as observed toward LIFR, there
is a significant improvement in OSM’s affinity toward OSMR
when the BC loop is truncated (Table 2) (KD, app OSM-WT,
10.86 
 1.7 nM; OSM-M1, 3.71 
 0.67 nM; and OSM-M2,
2.19 
 0.28 nM). This represents a 3–4-fold increase in the
affinity toward OSMR upon BC loop truncation on OSM.
These results demonstrate that the BC loop on OSM plays a
significant role in determining its affinity for both OSMR and

LIFR because its truncation results in significant improvement
in affinity toward both receptors. Consistent with the previous
results, none of the OSM cytokines could bind OSMR in the
absence of gp130 (Fig. 9A; Table 2) This result suggests that
the BC loop is not responsible for determining the need for the
gp130-OSM interaction prior to binding OSMR.
The gp130-induced cooperative binding toward OSMR

prompted us to determine whether similar cooperativity was
needed for LIFR binding. The results shown in Table 2 demon-
strate that previous gp130 binding to OSMor LIF did not affect
their affinities toward LIFR significantly (Table 2). The results
demonstrate that both LIF and OSM bind LIFR independently
of the gp130 interaction. This is in significant contrast to the
cooperative binding needed for OSMR interaction with OSM.
Again, as observed in SPR, the mutant OSMs with a truncated
BC loop exhibited a stronger affinity toward LIFR compared
with the wild type (Fig. 9, C and D, and Table 2) and was also
independent of gp130. The equilibrium dissociation constants
(KD, app) obtained for LIFR binding using ELISA were signifi-
cantly higher than the values obtained using SPR. This could be
the result of possible structural distortions caused by immobi-
lization of receptors on ELISA plates or the difference between
the kinetic analysis provided by SPR versus the steady state
equilibrium analysis provided by ELISA.
Inhibition of A375 Melanoma Cell Proliferation—OSM was

initially discovered by its ability to suppress proliferation of
several melanoma cell lines, including A375 melanoma cells
(31). As expected, treating A375 cells with wild-type OSM
inhibited their proliferation in a dose-dependent manner (Fig.
10). At concentrations of 20 ng/ml, OSM-WT was able to sup-

FIGURE 9. ELISA analysis of soluble OSMR and soluble LIFR binding with LIF, OSM-WT, OSM-M1, and OSM-M2 or gp130-bound LIF (gp130-LIF),
OSM-WT (gp130-OSM-WT), OSM-M1 (gp130-OSM-M1), and OSM-M2 (gp130-OSM-M2). Cytokines (LIF, OSM-WT, OSM-M1, or OSM-M2) immobilized on
ELISA plates in the absence (A and C) or presence (B and D) of gp130 were treated with various concentrations of soluble OSMR (A and B) or soluble LIFR (C and
D). Binding of soluble OSMR or LIFR to immobilized BSA was used as a control. Values are presented as mean 
 S.E. n � 3, where n is the number of independent
binding assays at each dose. Equilibrium KD values were estimated using a nonlinear curve fitting to the binding data using GraphPad Prism (Graph Pad
Software, La Jolla, CA) (see Table 2).

TABLE 2
Comparison of apparent equilibrium dissociation constant (KD,app)
values (nM) for direct interaction of LIFR and OSMR with LIF, OSM-WT,
OSM-M1, and OSM-M2 or the interaction of LIFR and OSMR with
gp130-bound LIF, OSM-WT, OSM-M1, and OSM-M2
NDmeans not detected.

OSMR binding LIFR binding
Direct With gp130 Direct With gp130

LIF ND ND 8.58 
 0.99 10.33 
 1.59
OSM-WT* ND 10.86 
 1.70 60.02 
 17.54 70.29 
 18.90
OSM-M1 ND 3.71 
 0.67 10.06 
 1.34 12.56 
 1.73
OSM-M2 ND 2.19 
 0.28 8.75 
 1.34 9.13 
 1.53
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press A375 melanoma cell proliferation by �50%, although a
concentration of 50 ng/ml was able to suppress the prolifera-
tion by �90%. In contrast, both OSM-M1 and OSM-M2 were
both able to suppress the proliferation of A375 melanoma cells
at significantly lower concentrations. Although 10 ng/ml con-
centrations were enough for the mutant OSM molecules to
inhibit the proliferation by �50%, 20 ng/ml concentrations
suppressed their proliferation by�90%. These data clearly sug-
gest that reducing the size of BC loop improves the ability of
OSM to activate OSMR-gp130 and suppress the proliferation
of A375 melanoma cells.

DISCUSSION

IL-6 family cytokines are pleiotropic cytokines that elicit a
wide variety of responses in vivo mediated by the activation of
signal-transducing receptors gp130, LIFR, and OSMR. Among
these cytokines, OSM is unique in terms of its ability to signal
through two different receptor complexes, LIFR-gp130 (type I)
andOSMR-gp130 (type II). Also, OSM is unique in the order in
which it binds to its receptors, i.e. gp130 followed by LIFR or
OSMR (12, 26, 28, 32). Based on the crystal structures and
mutational analysis conducted, it has been proposed that the
ability of OSM to interact with OSMR must result from the
involvement of additional residues in the vicinity of its FXXK
motif that is required for OSM’s binding to LIFR and OSMR
(16). In comparison with other IL-6 family cytokines, we have
identified that OSM has a unique �-helical loop between its B

and C helices. This BC loop lies in close proximity to site III
that contains the core FXXK motif. The size and location of
this loop suggested that it is possibly playing an essential role
in OSM’s unique ability to bindOSMR. However, contrary to
our expectation, shortening this loop resulted in proteins
that display higher activity as indicated by improved activa-
tion of signal transduction and inhibition of A375 melanoma
cell proliferation. Stimulation studies using human Müller
cells that express LIFR and gp130 showed that the truncation
of the BC loop on OSM improves its ability to activate LIFR-
gp130 complexes also. Kinetic and equilibrium binding anal-
ysis of ligand-receptor interaction revealed that proteins
lacking the BC loop on OSM had higher affinity for LIFR and
OSMR. Together, these results suggest that the BC loop is
clearly not essential for OSM’s unique ability to bind OSMR
or in its sequential binding to gp130 prior to OSMR. The
loop does appear to play a role in determining the relative
affinity for OSMR-OSM-gp130 and LIFR-OSM-gp130 com-
plexes. Wild-type OSM has a 6-fold higher affinity for
OSMR-gp130 than LIFR-gp130.When the loop is shortened,
the affinity for both receptor complexes is increased, but the
difference in affinity is reduced to 3- or 4-fold. Thus, the loop
could play a role in allowing OSM to signal preferentially
through OSMR-gp130 rather than LIFR-gp130. This could
play a role in the biological activity of OSM in tissues or cells
that express one receptor or the other.

FIGURE 10. A–C, A375 melanoma cell proliferation in the presence or absence of various doses of OSM-WT, OSM-M1, and OSM-M2. D, cell numbers on 5th day
of proliferation are normalized against the control cells and plotted for comparison. Values are presented as mean 
 S.D. n � 4, where n is the number of
independent cultures at each dose. (*, p � 0.01; **, p � 0.001, compared with control treatment at same dose.)
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The biological significance for reducing receptor affinity is
unknown. However, it may be related toOSM’s increased affin-
ity to gp130. It is difficult to tell which came first, reduced affin-
ity for co-receptor or increased affinity for gp130. OSM is
unique in that it has a high affinity for gp130 independent of
co-receptor binding. The higher affinity for gp130 could be a
compensation for the lower affinity for OSMR or LIFR.
It has been reported that LIF has strong preference for bind-

ing LIFR prior to binding gp130, although OSM has a prefer-
ence for binding gp130 prior to binding LIFR (12, 13, 15). Affin-
ity measurements by SPR suggest that the mechanism behind
the unique ability of OSM to first bind gp130 can be explained
by its relative affinity to each receptor subunit. OSM has a
2-fold higher affinity toward gp130 than toward LIFR. LIF,
which lacks the BC loop, has a 23-fold higher affinity for LIFR
than for gp130. When the BC loop on OSM is truncated, OSM
starts displaying a higher affinity toward LIFR than toward
gp130. Clearly, the reduced affinity of OSM toward LIFR is
caused by the BC loop and is likely playing a role in the differ-
ence in sequential binding between LIF and OSM.
The inability of OSM to bind soluble OSMR directly is con-

sistent with previous observations (16). Like IL-6 and CNTF,
which require binding to their �-receptor before they can bind
to their signal transducing receptors, these results suggest that
OSM requires binding to gp130 before it can bind OSMR.
ELISA analysis of OSMR binding toward the cytokines in the
presence of gp130 showed that prior gp130 binding induces
remarkable cooperativity toward OSMR binding in both the
wild-type and mutant OSMs (OSM-WT, OSM-M1, and OSM-
M2). Although the data clearly showed that OSM utilizes the
FXXKmotif for OSMR binding, binding to gp130might expose
otherwise hidden residues onOSMrequired forOSMRbinding
or alter the OSM structure to move hindering residues away
from the binding interface leading to the strong binding. Solv-
ing the structure of OSM in complex with gp130 would prove
valuable in identifying these changes.
Finally, a number of studies conducted over the last decade

have revealed the diverse biological roles of OSM. One among
them is the growthmodulation of cells that include tumor cells,
epithelial cells, fibroblasts, and plasmacytoma cells (31, 33–37).
In agreement with earlier studies, our results show that OSM
inhibits the growth of A375 melanoma cells in a dose-depen-
dentmanner (Fig. 10). Mutant OSMproteins with a shorter BC
loop exhibit increased potency in suppressing their prolifera-
tion (Fig. 10). This improvement in OSM’s function could
prove valuable in treating diseases associated with melanoma.
Previous research in our laboratory has shown that STAT3 acti-
vation induced by IL-6 family cytokines, includingOSM, is neu-
roprotective and prevents photoreceptor cell death under oxi-
dative stress (38, 39). The mutant OSM molecules, OSM-M1
and OSM-M2, could thus serve as potent therapeutic agents in
preventing photoreceptor degeneration induced by oxidative
stress, e.g. retinitis pigmentosa. Also, OSM plays a key role in
inflammatory response to injury and infection. OSM secreted
from activated T cells and monocytes stimulates expression of
the following: 1) acute phase proteins in liver (40); 2) P-selectin
and E-selectin on endothelial cells (41, 42), and 3) TIMP-1 in
fibroblasts (43, 44), all of which promote wound repair. The

mutant OSM proteins could thus potentially find therapeutic
application in promoting wound healing also.
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