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Solution Structure of the C-terminal Domain of the Ciliary
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Associations among Components of the CNTF
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The functional receptor complex of ciliary neurotro-
phic factor (CNTF), a member of the gp130 family of
cytokines, is composed of CNTF, the CNTF receptor �
(CNTFR), gp130, and the leukemia inhibitory factor re-
ceptor (LIFR). However, the nature of the receptor-me-
diated interactions in this complex has not yet been
resolved. To address this issue we have determined the
solution structure of the C-terminal or BC domain of
CNTFR and studied the interactions of CNTFR with
LIFR and gp130. We reported previously that the mem-
brane distal cytokine-binding domain (CBD1) of LIFR
could interact in vitro with soluble CNTFR (sCNTFR) in
the absence of CNTF. Here we show that the CBD of
human gp130 can also bind in vitro to sCNTFR in the
absence of CNTF. In addition, the gp130 CBD could com-
pete with the LIFR CBD1 for the binding of sCNTFR.
Substitution of residues in the gp130 CBD, the LIFR
CBD1, and the CNTFR BC domain that are expected to
be involved in receptor-receptor interactions signifi-
cantly reduced their interactions. An NMR chemical
shift perturbation study of the interaction between the
BC domains of CNTFR and gp130 further mapped the
interaction surface. These data suggest that both the
gp130 CBD and the LIFR CBD1 interact with CNTFR in
a similar way and provide insights into the nature of the
CNTF receptor complex.

Ciliary neurotrophic factor (CNTF)1 belongs to the gp130
family of cytokines. This family also includes leukemia inhibi-

tory factor, interleukin (IL)-6, IL-11, oncostatin M, cardiotro-
phin-1, and the newly identified cardiotrophin-like cytokine
(1–3). Among its many functions, CNTF enhances the survival
of neuronal cells (4) and has been investigated as a therapeutic
agent for motor neuron disease (5). Recently, it has been shown
to have a promising role in the treatment of obesity and dia-
betes (6) and recognized as a major protective factor in demy-
elinating central nervous system disease (7). To exert its bio-
logical functions, CNTF first binds its non-signaling, specific
receptor, CNTFR, which has been shown to be required for
motor neuron development (8). Signaling through the JAK/
signal transducers and activators of transcription pathway fol-
lows the recruitment of gp130 and the leukemia inhibitory
factor receptor (LIFR) (9, 10).

These receptors are members of the class I hematopoietin
receptor family, which is characterized by a cytokine binding
domain (CBD) formed from two fibronectin type III (FnIII)
modules linked by a proline-rich sequence (11). Class I hema-
topoietin receptors contain four conserved cysteine residues
that form inter-strand disulfide bonds in the N-terminal FnIII
(BN) module of the CBD and a conserved WSXWS sequence in
the C-terminal FnIII (BC) module. CNTFR, gp130, and LIFR
have a related modular structure in their extracellular regions
(Fig. 1). CNTFR contains an N-terminal immunoglobulin (Ig)-
like module and a CBD; gp130 has the same structure but with
three membrane-proximal FnIII modules, and LIFR is the
same as gp130 but with an additional N-terminal CBD. Of
these receptors, only the tertiary structures of the gp130 BC
module, the gp130 CBD and the gp130 Ig-CBD domains, have
been determined (12–14). The BN and BC modules of the CBD
each consist of seven anti-parallel �-strands, which form two
�-sheets. Recently, the complete NMR assignments of the BC
module of CNTFR have been reported (15).

In vitro, CNTF has been shown to form a hexameric receptor
complex composed of two molecules each of CNTF and CNTFR
and one molecule each of gp130 and LIFR (16). The hexameric
nature of the related IL-6 signaling complex (17, 18) and the
proposal that the IL-6 signaling complex is formed by two
trimers of IL-6, IL-6R and gp130 linked by the gp130 Ig-like
domain (19, 20), have been verified recently by crystallographic
and biochemical studies (14, 21). Although the crystal structure
of CNTF has been solved, revealing a four helix bundle and
giving the location of the three sites, which are responsible for
the binding of CNTFR, gp130, and LIFR (22, 23), the precise
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nature of the protein-protein interactions in the CNTF receptor
complex remains elusive. In particular, little is known about
which domains of the receptors are involved in the interactions
in the complex and the nature of the receptor-receptor interac-
tions in the hexameric complex. As the CNTF receptor complex
is asymmetric, containing one molecule each of gp130 and
LIFR instead of two gp130 molecules as in the IL-6 receptor
complex, a tetrameric, rather than hexameric, signaling com-
plex for CNTF is still supported (24, 25).

Here we determine the solution structure of the CNTFR BC
domain, the module likely to be involved in receptor-receptor
interactions, and we investigate some of the receptor-receptor
interactions in the CNTF complex and examine the possibility
of ligand free association of receptor molecules. We reported
recently (26) that the LIFR CBD1 could interact with soluble
CNTFR in vitro in the absence of CNTF. It was found here that
the gp130 CBD could also bind to soluble CNTFR in vitro in the
absence of CNTF and compete with the LIFR CBD1 for binding
to CNTFR. Residues in the B strand of the BC module of the
gp130 CBD and in the putatively similar region of the LIFR
CBD1 were shown to be important for the ligand free interac-
tion of gp130 and LIFR with CNTFR. A mutation study of the
BC domain of CNTFR also revealed residues important for the
interaction with gp130, and NMR methods were used to further
map these surfaces.

EXPERIMENTAL PROCEDURES

Expression Vectors for the Polyhistidine-tagged and Glutathione S-
transferase Fusion Peptides—cDNA templates coding for full-length
human CNTFR and rat CNTF were reverse transcriptase-PCR-ampli-
fied from mRNAs of NT-2 human embryonal carcinoma cells (Strat-
agene) and rat pheochromocytoma PC12 cells, respectively. Human
gp130 and LIFR cDNA templates were reverse transcriptase-PCR-
amplified from mRNA of SH-SY5Y human neuroblastoma cells. DNA
sequencing was performed using an ABI PRISM 310 Genetic Analyzer
autosequencer (PerkinElmer Life Sciences). DNA sequences were con-
firmed with the sequences in the GenBankTM data base. For NMR
studies the BC domains of CNTFR (residues 202–305) and of gp130
(residues 219–325) were also amplified by PCR. The bacterial expres-
sion vector for His tag proteins was based on a modified pET-14b
plasmid (Novagen) as described previously (26). The His-tagged sC-

NTFR construct was also labeled with a C-terminal c-Myc epitope. The
bacterial expression vector for GST fusion proteins was pGEX 6-p-1
(Amersham Biosciences). For the expression of GST fusion proteins, a
BamHI site was introduced in the 5� sense primers, and a NotI or EcoRI
(for peptides for NMR studies) site was introduced in the 3� antisense
primers. After amplification, the PCR products were digested with
BamHI and NotI or EcoRI restriction enzymes and ligated into the
pGEX 6-p-1 vector.

Protein Expression, Purification, and Refolding—Escherichia coli
bacteria (strain BL21-DE3) were transformed with expression vectors
pET-14b and pGEX-6-p-1 containing cDNAs for various peptides.
Transformed bacteria were grown to an A600 of �0.2 at 37 °C and
induced by 1 mM IPTG (isopropyl-1-thio-�-D-galactopyranoside) for 4 h.
Uniformly, 15N and 15N/13C-labeled CNTFR BC domain peptides were
prepared by growing the bacteria in M9 minimal medium using
15NH4Cl (1 g/liter) as the sole nitrogen source or 15NH4Cl (1 g/liter) and
13C6-labeled glucose (1 g/liter) as the sole nitrogen and carbon source,
respectively. For the purification of His-tagged proteins, inclusion bod-
ies were denatured in 8 M urea, pH 8.0. After binding to a nickel-
nitrilotriacetic acid column (Qiagen), His-tagged peptides were eluted
by 8 M urea, pH 4.5. Refolding of sCNTFR was as described previously
(27), and refolding of other proteins was achieved by dialysis against
refolding buffer (10 mM Tris, pH 8.0, 1 mM reduced glutathione, 0.1 mM

oxidized glutathione, 36 h). Refolded proteins were loaded on a Q-
Sepharose High Performance column (Amersham Biosciences) and
eluted with a salt gradient using an Akta explorer 100 fast protein
liquid chromatography purification system (Amersham Biosciences).
For the purification of GST fusion proteins, supernatant of bacterial
lysate after sonication was loaded on a glutathione-conjugated Sepha-
rose 4B column (Amersham Biosciences). Bound proteins were eluted
with 10 mM reduced glutathione in 50 mM Tris, pH 8.0. Eluted proteins
were concentrated and further purified using a Q-Sepharose high per-
formance column. For the GST-CNTFR_BC and GST-gp130_BC pep-
tides, the GST tag was cleaved using PreScission protease (Amersham
Biosciences), and the peptides were further purified using a GST-
Sepharose 4B affinity column and a gel filtration column. The peptides
were concentrated by ultrafiltration, and their concentrations were
determined by a Coomassie plus protein assay (Pierce) and SDS-PAGE.

NMR Spectroscopy—Four NMR samples, with an approximate con-
centration of 1.0 mM, were prepared for the structure determination of
the CNTFR BC domain. These were the unlabeled BC domain in 90%
H2O, 10% D2O, 15N-labeled BC domain in 90% H2O, 10% D2O, two
15N/13C-labeled samples, one in 99.9% D2O and one in 90% H2O, 10%
D2O. All NMR experiments were performed at 25 °C on Varian Inova
500- and 750-MHz NMR spectrometers equipped with 5-mm inverse
z-shielded triple resonance 1H/13C/15N PFG probes. NMR spectra were
processed with the nmrPipe software package (28) and analyzed with
PIPP2 and SPARKY.3 Complete 1H, 13C, and 15N resonance assign-
ments were obtained as described earlier (15). NOE restraints were
derived from a three-dimensional 15N-NOESY-HSQC experiment (mix-
ing time 200 ms) recorded in H2O and a three-dimensional 13C-NOESY-
HSQC experiment (mixing time 150 ms) recorded in D2O. Amide pro-
tons in slow exchange with solvent were identified by a series of 1H-15N
HSQC experiments on a lyophilized 15N-labeled sample of the CNTFR
BC domain redissolved in D2O buffer.

15N longitudinal relaxation times (T1), 15N spin-lattice relaxation
times (T2) and 1H-15N NOE measurements (29) were performed at 25 °C
on the Varian Inova 500 MHz spectrometer. The relaxation delays, T,
for the T1 experiments are as follows: T � 0.011, 0.128, 0.267, 0.533,
0.800, 1.120, 1.440, and 1.867 s; and for the T2 experiments are as
follows: T � 14.1, 28.2, 42.3, 56.4, 70.5, 84.6, 98.7, and 112.8 ms. The
recycle delays for the T1 and T2 measurements were 2 s. 1H-15N steady-
state NOE values were obtained by recording spectra with and without
a 3-s 1H saturation period prior to the start of the experiment. The total
recycle delays for the NOE measurements, with and without 1H satu-
ration, were 4 and 7 s, respectively. A total of 16 transients was
recorded in 15N T1 and T2 experiments and 32 in NOE measurements.
All spectra were acquired as 512 � 128 complex data matrices and
processed using the nmrPipe software package (28) with peak intensi-
ties determined as volumes. The 15N relaxation rates and uncertainties
were determined from nonlinear least squares fitting of the experimen-
tal peak intensities to a monoexponential equation with an offset pa-
rameter using the program SAS (SAS Institute Inc., Cary, NC). Steady-
state NOE values (�) for each of the amide nitrogens were calculated

2 D. S. Garrett, spin.niddk.nih.gov/clore/.
3 T. D. Goddard and D. G. Kneller, www.cgl.ucsf.edu/home/sparky/.

FIG. 1. Schematic representations of the modular structure of
CNTFR, gp130, and LIFR. The receptor modules referred to in this
study are indicated on the diagrams of the molecules. The BN and the
BC domains, which together make up the CBD, contain, respectively,
the two conserved disulfide bridges (thin lines) and the WSXWS motif
(black bar) that are characteristic of these molecules.
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from the peak height in the experiment with saturation (I) and that in
the reference experiment without saturation (I0), according to the equa-
tion: � � (I � I0)/I0. The T1, T2 relaxation times and NOEs can be
expressed in terms of the spectral density function J, which can be
modeled using the ”model-free“ formalism (30, 31). Non-linear least
squares fitting and Monte Carlo error analysis were performed using
the program Modelfree 4.0 (32, 33).

Unlabeled and 15N-labeled samples of the gp130 BC domain at a
concentration of 0.8 mM and a pH of 6.5 were prepared for NMR studies.
Sequential assignment for the gp130 BC domain was performed using
1H-15N HSQC, 15N-NOESY-HSQC, and 15N-TOCSY-HSQC experi-
ments and with reference to the published assignments (12).

Structure Determination—Distance restraints were calibrated di-
rectly from NOESY cross-peak intensities by utilizing the weakest and
strongest NOESY cross-peaks (calibrated to 5.0 and 1.8 Å, respectively)
to calculate intensity-dependent proportionality factors (34). All lower
bound restraints were set to 1.8 Å. Raw ambiguous distance restraint
lists were generated from NOESY peak lists by interrogating the chem-
ical shift assignments using windows of 0.03 ppm for proton dimensions
and 0.3 ppm for 13C and 15N dimensions in the three-dimensional
15N-NOESY-HSQC and three-dimensional 13C-NOESY-HSQC experi-
ments. Ambiguous restraint lists were iteratively filtered against cur-
rent coordinate ensembles using the ARIA method (35) to generate
unambiguous and ambiguous distance restraint lists. The final re-
straint statistics are listed in Table I. Hydrogen bond distance re-
straints were included where amide protons were still visible 12 h after
the sample was dissolved in D2O. The hydrogen-acceptor distance was
restrained between 1.5 and 2.4 Å, and the donor-acceptor distance was
restrained between 2.5 and 3.4 Å. Values for 3JN� were estimated from
HNHA (36) and nJ-HMQC (37) experiments. Torsion angle restraints
for � angles of �120° (�50) were imposed for 3JN� � 8 Hz and �60°
(�30) for 3JN� � 6 Hz. Structures were calculated using the simulated
annealing protocol included in the ARIA package compiled with the
CNS program (38). An ensemble of the lowest 20 energy structures was
retained.

ELISA Screening for CNTFR Binding Partners—For screening the
binding capability of the individual domains of gp130 and gp130 and
LIFR mutants with CNTFR, purified His-sCNTFR-myc, or wild type or
mutant CNTFR BC domains were coated on IMMULON�2 (Dynatech)
ELISA plates at 10 �g/ml. Nonspecific binding was blocked with PBS
containing 0.25% BSA. For the binding partner test, 10 �g of the
supernatants of IPTG-induced bacterial lysates after sonication were
added to the wells. To test the binding capability of different mutants of
the gp130 CBD and LIFR CBD1, purified peptides with serial dilutions
in PBS, 0.2 �g/�l BSA were applied. After incubation and washing,
bound proteins were detected using a goat anti-gp130 or anti-LIFR
antibody (R & D Systems) at 1:2000 dilutions followed by horseradish
peroxidase-conjugated secondary antibodies with the same dilutions. To
assess the ability of the CNTFR BC domain and its mutants to interact
with the gp130 BC domain, equal amounts of the purified GST-BC
domain of gp130 (100 �g/ml) in PBS were applied. After incubation and
washing, bound proteins were detected with GST antibodies at 1:10,000
dilutions followed by horseradish peroxidase-conjugated secondary an-
tibodies at 1:4000 dilutions. Peroxidase activity was detected by o-
phenylenediamine substrate, and the orange colored product was read
at 490 nm using an MR5000 microplate reader (Dynatech).

Immunoprecipitation, GST Pull-down Assay, and Western Blotting—
Two hundred ng of purified gp130 CBD was incubated with 200 ng of
purified His-sCNTFR-myc, 1 �g of anti-Myc antibody, and 10 �g of BSA
in 200 �l of PBS overnight at 4 °C. Ten �l of �-lock (Zymed Laboratories
Inc.) beads were then added and incubated for 2 h. Purified GST fusion
peptides were incubated with purified His-sCNTFR-myc with serial
dilutions in 200 �l of PBS with 20 �g of BSA and 10 �l of glutathione-
conjugated Sepharose 4B beads overnight at 4 °C. In both cases, beads
were washed with PBS, and 20 �l of 2� sample buffer for SDS-PAGE
was added. The boiled supernatants were collected, separated by SDS-
PAGE, and blotted onto nitrocellulose membranes. After blocking in
TBST containing 5% milk powder, membranes were incubated with
antibodies (1:1000) specific for CNTFR, gp130, or LIFR at 4 °C over-
night. Membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies with 1:2000 dilutions for 1 h at room tem-
perature after washing with TBST. Proteins were detected by
chemiluminescence using an ECL kit (Amersham Biosciences) follow-
ing the manufacturer’s instructions.

Alanine Scanning and Site-directed Mutagenesis—Standard PCR-
based site-directed mutagenesis procedures were performed for the
alanine scanning of the AB loop and B strand in the BC module of the
gp130 CBD and the LIFR CBD1 and the mutagenesis of the CNTFR BC

domain. gp130 is numbered from the mature peptide, although LIFR
and CNTFR are numbered from the signal peptide. The gp130 CBD
mutants with amino acids substituted by alanine are as follows: S211A/
E212A, E213A/L214A, S215A/S216A, I217A/L218A, K219A/L220A,
T221A/W222A, K219A, and L220A. The LIFR CBD1 mutants with
alanine substitutions are as follows: D147A/F148A, S149A/T150A,
S151A/T152A, L153A/Y154A, and L155A/K156A. CNTFR mutants with
alanine substitution of Glu223, Thr225, His256, Glu258, Thr263, Thr266,
Thr268, Thr269, Glu286, and Thr268/Asp269 were constructed. Other
CNTFR mutants were E223K, H256E, H256E/E258A, D284K, E286H,
E286K, and D284K/E286K. The DNA sequences of all the mutant
constructs were verified using an ABI PRISM 310 Genetic Analyzer. All
mutants were subsequently expressed as His tag or GST fusion proteins
and purified as described above when necessary.

RESULTS

Structure Determination and Backbone Dynamics—The
three-dimensional structure of the BC domain of the CNTF
�-receptor in aqueous solution at pH 6.5 and 25 °C was deter-
mined by NMR methods. Data were recorded on unlabeled,
15N-labeled, and 15N/13C-labeled samples, and the chemical
shift assignments of the CNTFR BC domain are described
elsewhere (15). Following identification of the global-fold from
manual inspection of the nuclear Overhauser effect spectros-
copy (NOESY) data, ambiguous NOE restraints were resolved
using the iterative ARIA method (35), and the structure was
determined by simulated annealing using the CNS package
(38). The final ensemble of the lowest 20 energy structures of
the CNTFR BC domain is shown in Fig. 2A, and in Fig. 2B a
ribbon diagram representation of the average structure, in the
same orientation, shows the fibronectin type III domain-like
topology of seven �-strands in two anti-parallel �-sheets
formed by these domains. The first �-sheet consists of three
strands: A (Glu208–Pro214), B (Leu222–Gln227), and E (Ala264–
Ile267), and the second �-sheet is composed of four strands: C
(Lys241–Pro248), C� (Val257–Leu259), F (Tyr276–Lys283), and G
(Val295–Ala299).

FIG. 2. Structure of the CNTFR BC domain. A, the ensemble of
the lowest 20 energy structures. Each structure was superimposed on
the energy-minimized average structure using the backbone atoms of
the �-strands except for the C� strand. Model 5 is the most represent-
ative as defined by NMRCLUST (46). B, ribbon diagram (47), in the
same orientation, of the energy-minimized average structure showing
the tryptophan-arginine zipper network. In both A and B, the N termi-
nus is at the top of the figure and the C terminus is at the bottom, and
the strands are labeled.
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The WSXWS sequence that is characteristic of the class I
cytokine receptors (11) is located in the C-terminal part of the
FG loop (Trp290–Ser294 in the CNTFR BC domain) and runs
roughly antiparallel to the F strand (Fig. 2B). In many of the
class 1 cytokine receptors a third tryptophan (Trp254 in
CNTFR) extends the WSXWS motif, forming a ladder of par-
allel tryptophan side chains. Charged or polar residues from
the F and C strands are inserted between the tryptophan
residues, forming a charged band on the surface of the domain.
In the majority of these receptors a highly conserved arginine
residue occupies the space between the side chains of the tryp-
tophans of the WSXWS motif. In the cases of CNTFR and
IL-11R, this arginine residue is replaced by alanine (Ala281)
and serine, respectively. As a consequence the side chain of
Trp290 in CNTFR is not parallel to the other tryptophan resi-
dues but roughly perpendicular to them, occupying the space
where the arginine side chain is found in other receptors and
interacting with Phe243.

The number of restraints used in the structure determina-
tion and the structural statistics are summarized in Table I.
The ensemble of structures (Fig. 2A) were superimposed using
the residues in the �-sheet elements (except the C� strand), and
the r.m.s.d. of the ensemble N, C�, and C� atoms of the residues
from the mean coordinates are given in Fig. 3A. For the well
defined residues (those with r.m.s.d. values within 2� of the
mean value in the global superposition of the ensemble) the
r.m.s.d. of the N, C�, and C� atoms from those of the average
structure was 0.37 � 0.04 Å. Fig. 3B shows the numbers of
inter-residue NOEs per residue that were used in the structure
calculation. Of the 20 low energy structures in the ensemble, 7
had no residues in the generously allowed or disallowed regions
(39) of the Ramachandran plot, and the maximum number of
residues in these regions in any one structure was 3.

The backbone dynamics of the BC domain of CNTFR were
studied by measuring the 15N, T1, and T2 relaxation times and
the 1H-15N steady-state NOE values at 25 °C on the Varian
Inova 500 MHz spectrometer. Results from the model-free
analysis (30–33) showing the generalized order parameters
(S2) and the 1H-15N steady-state NOE values are presented in
Fig. 3 (C and D), respectively. The S2 values correspond well to
the secondary structure of the protein, with average S2 values
of 0.90 � 0.06 and 0.79 � 0.20 for the sheet and the loop

regions, respectively. In particular, the loops between the B-C,
C-C�, and C�-E strands are very flexible.

Identification of Modules in the Extracellular Region of
gp130 That Bind to sCNTFR—To assess the binding capacity of
sCNTFR for the domains within the extracellular part of
gp130, an ELISA was used. sCNTFR was expressed in bacteria
with a polyhistidine tag at the N terminus for ease of purifica-
tion. Purified His-sCNTFR-myc retained the capacity to bind to
purified His-CNTF (data not shown). Purified His-sCNTFR-
myc (10 �g/ml) was directly coated onto an ELISA plate and as
low as 0.025 �g/ml CNTF could be detected using this system
(26). We screened for the putative binding modules within the
extracellular domain of gp130 using sCNTFR. The individual
domain constructs were the Ig, CBD, and Ig-CBD modules of
gp130. These domains were expressed as N-terminal His-
tagged peptides in E. coli. After IPTG induction followed by
sonication, supernatants of bacterial lysates with equal
amounts of total protein were subjected to Western blotting
and ELISA assays. Whereas the CBD and Ig-CBD of gp130
could be detected by Western blot in both the supernatants and
pellets after sonication, the Ig-like module of gp130 could only
be detected in the pellets (data not shown). We therefore used
a fusion protein, GST-Ig of gp130, for the screening. ELISA
screening showed that the CBD and Ig-CBD of gp130 could
bind with sCNTFR (Fig. 4A). No obvious binding could be
detected for the GST-Ig protein. These results indicate that the
CBD of gp130 was responsible for the interaction with
sCNTFR.

In Vitro Binding of sCNTFR with CBD of gp130—To confirm

TABLE I
Structural statistics

A. Restraints for structure calculation
Total unambiguous restraints 1925

Intraresidue 843
Sequential 446
Medium range 131
Long range 505

Total ambiguous restraints 575
Hydrogen bond restraints 33
Dihedral 	 angle restraints 63

B. Ensemble r.m.s. deviations from ideal values
Bonds (Å) (�10�3) 3.60 (�0.07)
Angles (degree) 0.44 (�0.02)
Improper dihedral angles (degree) 1.48 (�0.08)

C. Coordinate precision
r.m.s.d. of N, C�, and C� atoms

Well defined residues (Å) 0.37 (�0.04)
All residues (Å) 1.40 (�0.31)

r.m.s.d. of heavy atoms
Well defined residues (Å) 0.84 (�0.23)
All residues (Å) 1.56 (�0.23)

D. Ramachandran properties (non-Pro/Gly)
Most favored 1349 (74.9%)
Additional allowed 428 (23.8%)
Generously allowed 16 (0.9%)
Disallowed 7 (0.4%)

FIG. 3. Structural and dynamics parameters for the CNTFR
BC domain. A, average N, C�, and C� atom r.m.s.d. values from the
mean coordinates for the ensemble. B, ●, the number of unambiguous
and ambiguous inter-residue NOE restraints; E, the total of NOE
restraints for each residue. C, the generalized order parameter S2. D,
the 1H-15N steady-state NOE values for the residues. The locations of
the �-strands are shown at the bottom of the figure.
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further the binding capacity of sCNTFR with the CBD of
gp130, we performed an in vitro pull-down assay. Both the
gp130 CBD and the gp130 Ig domain were expressed as GST
fusion proteins and purified as described under “Experimental
Procedures.” Whereas both GST-Ig and GST-CBD fusion pro-
teins could bind to oncostatin M as expected (40) (data not
shown), sCNTFR could only be significantly pulled down by the
GST-CBD protein and not by the GST-Ig protein (Fig. 4B). The
gp130 CBD was also purified as a His-tagged peptide and
tested for binding to sCNTFR. As little as 0.025 �g/ml of gp130
CBD could be detected using ELISA (Fig. 4C), a sensitivity
comparable with that of CNTF binding to CNTFR. The gp130
CBD could also be pulled down by His-sCNTFR-myc with an
anti-Myc antibody (Fig. 4D).

Competition for the Binding of sCNTFR between LIFR CBD1
and gp130 CBD—We performed a competition assay to test
whether the LIFR CBD1 and the gp130 CBD used similar or
different binding sites to associate with sCNTFR. Whereas
LIFR CBD1 (1 ng/�l) could bind to sCNTFR (1 ng/�l) as re-
ported previously (26), a 5-fold excess of gp130 CBD (5 ng/�l)
was found to inhibit this binding (Fig. 5A). A CNTFR mutant
with alanine substitution of Thr268/Asp269 (41) could weakly
bind to the LIFR CBD1 (Fig. 5B) and lost the capacity to bind
to the gp130 CBD (Fig. 5C).

Alanine Scanning Mutagenesis of the AB Loop and B Strand
in the BC Module of the gp130 CBD—Residues located in the
AB loop and B strand of the BC module of the gp130 CBD, as
defined by the crystal structures (13, 14), were mutated to
alanine. A series of double mutations covering this region were
constructed and expressed as N-terminal His-tagged peptides
in E. coli. After IPTG induction followed by sonication, super-
natants of bacterial lysates with equal amounts of total protein

FIG. 4. In vitro binding of the CBD of gp130 with His-sCNTFR.
A, of the peptides in supernatants of cell lysates only the CBD and
Ig-CBD of gp130 bound strongly to His-sCNTFR-myc-coated plates.
Results shown represent the mean � S.D., n � 3. B, the gp130 CBD but
not the gp130 Ig domain, as purified GST fusion peptides, could pull-
down sCNTFR. C, dose-dependent binding of the His-gp130 CBD to a
His-sCNTFR-myc-coated ELISA plate. Results shown represent the
mean � S.D. of a typical experiment, n � 4. D, His-sCNTFR-myc could
bind to the His-tagged gp130 CBD as shown by immunoprecipitation
(IP) with an anti-Myc antibody.

FIG. 5. Competition between the binding of the gp130 CBD and
the LIFR CBD1 to sCNTFR-myc. A, binding of the LIFR CBD1 (1
ng/�l) to sCNTFR-myc (1 ng/�l) in the presence or absence of a 5-fold
excess of gp130 (5 ng/�l). Overloading of the gp130 CBD inhibited the
binding of the LIFR CBD1 with sCNTFR-myc, as shown by immuno-
precipitation with an anti-Myc antibody followed by blotting with an-
tibodies specific for CNTFR, LIFR, and gp130. Similar results were
obtained from three independent experiments. B and C, in vitro inter-
action of sCNTFR (T268A/D269A) with LIFR CBD1 (B) or the gp130
CBD (C). 200 ng of purified sCNTFR-myc (wild type) or sCNTFR-myc
(T268A/D269A) was incubated with or without 200 ng of LIFR CBD1
(B) or gp130 CBD (C) and 1 �g of anti-Myc antibody. The lane marked
* indicates the input of LIFR CBD1 (B) or gp130 CBD (C). sCNTFR-myc
(T268A/D269A) could only weakly pull down the LIFR CBD1 (B) and
could not bind to gp130 CBD (C) as revealed by immunoprecipitation
(IP) followed by Western blot using an anti-LIFR antibody.
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were subjected to Western blotting and ELISAs. Although the
total amount of the gp130 CBD mutants and wild type in the
supernatant was similar (Fig. 6A), the binding of the K219A/
L220A mutant to sCNTFR was reduced by �50% when com-
pared with other mutants and the wild type gp130 CBD (Fig.
6B). The K219A/L220A mutant was also purified as a GST
fusion protein to test its binding capacity with sCNTFR by an
in vitro pull-down assay. GST-gp130 CBD (K219A/L220A) par-
tially lost its ability to bind to sCNTFR when compared with
GST-gp130 CBD (Fig. 6C).

In Vitro Binding of gp130 CBD (K219A) and gp130 CBD
(L220A) with sCNTFR—To define the individual contribution
of Lys219 and Leu220 to the binding of the gp130 CBD to sC-
NTFR, we constructed gp130 CBD peptides with single alanine
mutations of Lys219 and Leu220. The gp130 CBD(K219A),
gp130 CBD(L220A), and wild type gp130 CBD were purified as
His-tagged peptides (Fig. 7A). Far-UV circular dichroism spec-
tra of these peptides were similar (data not shown), suggesting
that the mutations of Lys219 and Leu220 did not dramatically
change the overall secondary structure of the proteins. An
ELISA showed that binding of the two mutants to sCNTFR was
reduced when compared with that of the wild type gp130 CBD,

and the binding capacity of gp130 CBD (K219A) was weaker
than that of gp130 CBD (L220A) (Fig. 7B).

Alanine Scanning Mutagenesis of the Putative AB Loop and
B Strand in the BC Module of the LIFR CBD1—We reported
previously (26) that the LIFR CBD1 could interact with sC-
NTFR in vitro. As the gp130 CBD could compete with the LIFR
CBD1 for the binding of sCNTFR, we tried to address whether
similar amino acids within the putative B strand of the LIFR
CBD1 BC module could also be involved in the CNTFR binding.
We constructed LIFR CBD1 mutants with double alanine sub-
stitutions of residues in the putative B strand of the BC mod-
ule. LIFR CBD1 mutants were expressed as N-terminal His-
tagged peptides in E. coli. After IPTG induction followed by
sonication, supernatants of bacterial lysates with equal
amounts of total protein were subjected to Western blotting
and ELISAs. Whereas the total amount of LIFR CBD1 mutants
and wild type in the supernatant was similar except for that of
LIFR CBD1 (D147A/F148A) (Fig. 8A), the binding of the LIFR
CBD1 mutants to sCNTFR was reduced when compared with
that of the wild type LIFR CBD1 (Fig. 8B). Interestingly, ala-
nine substitution of amino acids Leu155/Lys156 in LIFR CBD1,

FIG. 6. Alanine scanning of the AB loop and B strand in the BC
module of the gp130 CBD. gp130 CBD mutants were expressed as
His-tagged peptides in E. coli cells. A, SDS-PAGE followed by Western
blot analysis of the lysate supernatants using an anti-gp130 antibody.
B, only the gp130 CBD mutant K219A/L220A showed reduced binding
capability to sCNTFR (by �50%) as assayed using ELISA. Results
shown represent the mean � S.D., n � 3. C, the gp130 CBD (K219A/
L220A) and wild type gp130 CBD were further purified as GST fusion
proteins. An in vitro pull-down assay showed that the binding of puri-
fied His-sCNTFR-myc to the mutant was reduced when compared with
that of wild type.

FIG. 7. In vitro binding of gp130 CBD (K219A) and gp130 CBD
(L220A) with sCNTFR. A, wild type gp130 CBD, gp130 CBD (K219A),
and gp130 CBD (L220A) were purified as His-tagged peptides to more
than 95% homogeneity as shown by SDS-PAGE followed by Coomassie
Blue staining and Western blotting using polyclonal anti-gp130 anti-
bodies. B, the binding capacity of the gp130 CBD mutants to sCNTFR
was reduced when compared with that of wild type CBD, as revealed by
an ELISA. Results shown represent the mean � S.D., n � 3.
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which locate at the putatively similar region as that of Lys219/
Leu220 in gp130 CBD, reduced the binding of CBD1 to sCNTFR
by �50%. Therefore, the L155A/K156A mutant was selected
for further study. An ELISA showed that binding of the puri-
fied L155A/K156A mutant to sCNTFR was significantly re-
duced when compared with that of the wild type LIFR CBD1
(Fig. 8C).

Mutagenesis of the CNTFR BC Domain—Several single and
double point mutants of the CNTFR BC domain were con-
structed, and the purified mutant proteins were directly coated
onto ELISA plates. Equal amounts of the gp130 BC domain
were then added to the plate. Apart from the H256A, T266A,
and E286A mutants, which showed slightly increased binding
to gp130, the CNTFR BC domain mutants showed slight to
moderate reductions in binding capacity (Fig. 9). Alanine mu-

tations of Thr268 and Asp269 at the N-terminal end of the E-F
loop showed the greatest effect (a reduction of 40–50%) on the
binding of the gp130 BC domain, consistent with the finding
above and earlier results (41) for the CNTFR CBD double
mutant of these residues. The charge reversal mutation E223K
in the B strand of the CNTFR BC domain reduced binding by
about 40%, whereas the alanine mutations of Glu223 and Thr225

had an effect of about 15%. Charge reversals in other parts of
the molecule, H256E near the C� loop and D284K and E286K in
the F-G loop also reduced binding by around 15% with the
double charge reversal of Asp284 and Glu286 having a roughly
additive effect.

NMR Study of the Interaction between the BC Domains of
CNTFR and gp130—Based on the biochemical studies of the
interaction between CNTFR and gp130, a structural study of
the interaction surface between the BC domains was under-
taken. Titrations of the 15N-labeled CNTFR BC domain with
the unlabeled gp130 BC domain, as well as the inverse titration
of the 15N-labeled gp130 BC domain with the unlabeled
CNTFR BC domain were performed. Fig. 10 shows the normal-
ized chemical shift changes of each residue on the CNTFR and
gp130 BC domains after the titrations. Several residues
showed significant chemical shift perturbations (�0.04 ppm for
CNTFR BC and �0.023 ppm for gp130 BC) of their NMR
signals after binding.

DISCUSSION

CNTF and its specific receptor, CNTFR, are increasing in
importance due to the recent findings that CNTF may have a
significant role in the treatment of obesity and diabetes (6),
demyelinating central nervous system disease (7), and the
identification of cardiotrophin-like cytokine/cytokine-like fac-
tor-1 as the long hypothesized second ligand for CNTFR (42).
Unlike IL-6 and IL-11, CNTF has an asymmetric signaling
complex, involving gp130 and LIFR, and so must contain some
receptor-receptor interactions different from those seen in the
IL-6 complex (14, 21). A detailed understanding of the CNTF
receptor complex will help in developing CNTF and cardiotro-
phin-like cytokine/cytokine-like factor-1 as potential therapeu-
tic agents.

To provide more insights into the protein-protein interac-
tions in the CNTF receptor complex, we undertook a strategy
determining the three-dimensional structure of the BC module
of CNTFR as this is the domain that is expected to be involved
in receptor-receptor interactions. This was followed by deter-
mining which domains in gp130 interacted with CNTFR and a
mutagenesis analysis to identify which residues in CNTFR,

FIG. 8. Alanine scanning of the putative AB loop and B strand
in the BC module of the LIFR CBD1. LIFR CBD1 mutants were
expressed as His-tagged peptides in E. coli cells. A, SDS-PAGE followed
by Western blot analysis of lysate supernatants using an anti-LIFR
antibody. The expression of the D147A/F148A mutant is much lower
when compared with that of other mutants and wild type CBD1. B,
LIFR CBD1 mutants showed reduced binding capability to sCNTFR as
assayed using ELISA. Results shown represent the mean � S.D., n � 3.
C, the binding capacity of purified LIFR CBD1 (L155A/K156A) to sC-
NTFR was reduced when compared with that of purified wild type LIFR
CBD1, as revealed by an ELISA. Results shown represent the mean �
S.D., n � 3.

FIG. 9. Mutagenesis of residues in the BC domain of CNTFR.
The effect on the binding of gp130 by the CNTFR BC domain mutants
as assayed using ELISA. Relative changes reported in the text were
calculated as the ratio of the (coated-uncoated) values for the mutant to
that of wild type. Results shown represent the mean � S.D., n � 3.
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LIFR, and gp130 might affect receptor interactions. Finally, an
NMR study of the chemical shift changes when the CNTFR and
gp130 BC domains interact was used to map further the inter-
action surface. The CNTFR BC domain structure assists in the
explanation of these data.

The CNTFR BC domain formed a 7-stranded �-sandwich
structure with the Greek key topology characteristic of fi-
bronectin type III domains and the class 1 cytokine receptors.
An extended “WSXWS” motif, similar to that seen in the
growth hormone receptor (43), was formed in the structure
with Arg245 and Arg247 in the C strand, Trp254 near the C�
strand, and Ile277 and Gln279 of the F strand completing the
extension of the motif. This extension is seen in many but not
all of the class 1 cytokine receptors and is the most variable
part of this generally conserved region. CNTFR and IL-11R are
unusual among these receptors as they do not have an arginine
residue intercalating between the two tryptophan residues of
the WSXWS motif. At the corresponding position in CNTFR
(residue 281), there is an alanine, and in the similar IL-11R
sequence a serine is found in this position. A phylogenetic
analysis of the gp130 family receptor BC domains (data not
shown) shows that the non-signaling receptors form a clade
and CNTFR and IL-11R are more similar to each other than to
IL-6R. The ability of the usually conserved arginine to be
replaced by a small residue such as alanine or serine, altering
the structure of the tryptophan ladder usually found in these
receptors, might be associated with the fact that these recep-
tors cannot transduce a signal.

Thr268 and Asp269 were earlier identified (41) as important
for the interaction of CNTFR with gp130. These residues are
located immediately C-terminal to the E strand of the CNTFR
BC domain and interact with Arg220 and Arg221 at the N
terminus of the B strand, stabilizing this region of the struc-
ture. From the NMR dynamics study, it was shown that the
CNTFR BC domain is a very stable structure, with regions of
higher mobility in the BC, CC�, and C� E loops. Structural
flexibility correlated well with the ensemble r.m.s.d. values.

For the study of gp130, once the correct folding of the gp130
peptides was confirmed and the influence of GST on the results
was ruled out, it was found that only gp130 peptides containing
the CBD could interact with CNTFR in the absence of CNTF.
We recently reported that the LIFR CBD1 could interact in
vitro with CNTFR in the absence of CNTF (26). Due to the

similar effects observed with both of the soluble CBDs, we
asked whether these domains were interacting with the same
site on CNTFR and therefore whether they would compete with
each other for CNTFR binding. Indeed, it was found that a
5-fold excess of the gp130 CBD would inhibit the binding of the
LIFR CBD1, consistent with the possibility that they are uti-
lizing similar sites on CNTFR. Here we found that a CNTFR
mutant with alanine substitution of Thr268/Asp269, the residues
found earlier to be important for CNTFR interaction with other
receptors (41), could bind to the LIFR CBD1 much more weakly
when compared with the binding of wild type CNTFR and that
this mutant CNTFR had lost the capacity to bind to the gp130
CBD. These data suggest that the LIFR CBD1 and the gp130
CBD bind in a very similar manner to the CNTFR.

Our findings provide strong evidence that both CBDs inter-
act with CNTFR in the manner of a �-receptor binding to the
�-receptor as seen for the growth hormone receptors (43) and
has implications for the nature of the signaling CNTF receptor
complex. To test whether the soluble CBDs were interacting
with CNTFR in this manner, site-directed mutagenesis studies
were undertaken. Based on the crystal structure of growth
hormone and its receptors (43) and site-directed mutagenesis
studies on CNTFR (41) and IL-6R (44), residues in the AB loop,
B and E strands of the BC modules of the gp130 CBD and the
LIFR CBD1 might be expected to be involved in CNTFR-gp130
and CNTFR-LIFR interactions, respectively.

Two residues, Lys219 and Leu220 in the putative B strand of
the BC module of the gp130 CBD, when mutated to Ala, were
found to affect the ligand-free association of mutant gp130
CBD with CNTFR. This was the case for the double mutant and
both point mutants. Far UV circular dichroism spectra of the
point mutants showed that this effect was not due to gross
destabilization of the structure of the gp130 CBD. As Leu220 is
in the hydrophobic core of the BC module, as shown by the
crystal structures (13, 14), its effect must be caused by local
destabilization of the binding region. Lys219, however, is sol-
vent-exposed in the region of gp130 that is expected to interact
with the cytokine-specific receptors and had a greater effect on
the ability of the gp130 CBD to bind CNTFR (Fig. 11A).

A similar mutagenesis strategy was applied to the LIFR
CBD1. Mutation of residues in the putative B strand of the
LIFR CBD1 BC module indeed led to reduced binding of these
mutants to CNTFR. Based on a homology model of this domain
(45), Lys156 is solvent-exposed in a similar structural position
to Lys219 of gp130 (Fig. 11A). Indeed, alanine substitution of
Leu155 and Lys156 reduced the binding of the LIFR CBD1 to
CNTFR more significantly than that of other CBD1 mutants.
As mutation of these residues in both molecules reduced, but
did not abolish, CNTFR binding, other residues might also be
involved in these interactions. However, the position of these
residues provides further evidence that the ligand-free inter-
action of CNTFR with both the gp130 CBD and the LIFR CBD1
is the same for both molecules and a similar interaction to that
seen between the growth hormone receptors (43).

Mutagenesis of the CNTFR BC domain also revealed resi-
dues that affected the interaction with the gp130 BC domain.
The greatest effect was observed with the individual mutation
of residues Thr268 and Asp269, which showed a decrease in
binding of �40%. This matches the earlier finding of others (41)
and the effect of the double mutant of these residues noted
above. Whereas most of the other mutations generally had
more modest effects on the interaction with the gp130 BC
domain, the charge reversal mutation E223K also decreased
the interaction by about 40%. This residue is in the B strand of
the CNTFR BC domain (Fig. 11A). Alanine substitution of
Glu223 and also that of Thr225 had a lesser effect (about 15%),

FIG. 10. Chemical shift perturbation upon binding between
CNTFR and gp130 BC domains. Normalized chemical shift differ-
ences (� ((chemical shift difference in 1H)2 	 (chemical shift difference
in 15N/6)2)1/2) of 15N and 1H amide resonances for the CNTFR BC
domain after binding with the gp130 BC domain (A) and the gp130 BC
domain after binding with the CNTFR BC domain (B). The secondary
structure of each molecule is also indicated.
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emphasizing the role of the electrostatic interaction in binding.
It was due to the similarity of the electrostatic isopotential
surfaces of models of the gp130 CBD and the LIFR CBD1 that
it was earlier suggested that the LIFR CBD1 might be the
partner for CNTFR in the hexameric complex (45). In this
complex the BC domains of the LIFR CBD1 and the gp130 CBD
would interact with the BC domain of CNTFR through the
juxtaposition of the regions of each molecule that contain the A,
B, and E strands (Fig. 11).

By superimposing the structure of the BC domain of CNTFR
and the structure of gp130 (13, 14) onto that of the growth
hormone receptor complex (43), the surfaces of the A, B, and E
strands of both molecules interact with each other. It can be
seen that Lys219 of gp130 is likely to form a salt bridge with
Asp269 of CNTFR. Asp269 may also form an intramolecular salt
bridge with Arg220 of CNTFR, which in turn interacts with
Glu212 of gp130. Asp254 of gp130 is in close proximity to Arg221

of CNTFR which forms a hydrogen bond with Thr268 of CNTFR
(Fig. 11A). The lack of these inter- and intramolecular interac-
tions in the T268A/D269A double mutant of CNTFR and the

consequent local structural destabilization of the environment
of Arg220 and Arg221 is consistent with the inability of this
mutant to bind the gp130 CBD. Glu223 and Arg221 of CNTFR
are in close proximity (Fig. 11), and so the charge reversal
mutant E223K may displace Arg221 and so affect its interaction
with Asp254 of gp130. The other charge reversal mutants that
had some effect on binding are close to the WSXWS motif and
may destabilize the structure. If the homology model of the
LIFR CBD1 (45) is superimposed on the growth hormone re-
ceptor structure (43), then Lys156 of LIFR makes a weaker
interaction with Asp269 of CNTFR and Asp147 of the LIFR
CBD1 interacts with Arg220 of CNTFR. This could explain the
residual interaction of the LIFR CBD1 with the T268A/D269A
double mutant of CNTFR.

An NMR chemical shift perturbation study of the interaction
sites on the CNTFR BC domain and the gp130 BC domain, with
each domain labeled alternatively, revealed many residues
whose 15N chemical shifts altered on binding. On gp130 resi-
dues in the AB loop and the E strand, which are close to the
interaction surface identified by mutagenesis, a significant ef-
fect was shown. In the case of the CNTFR BC domain, residue
Thr266 in the E strand, which is close to the important binding
residues Thr268 and Asp269 and showed an increase in binding
affinity when mutated to alanine, had an altered chemical
shift. Other residues that were affected were located in the F
and G strands of the BC domain and would be expected to be
away from the binding surface. The majority of these residues,
such as Ile278 in the F strand, were buried in the structure. A
limitation of this approach is that, by using HSQC experi-
ments, only the backbone amide nitrogen is monitored. Many of
the perturbations observed will not reflect side chain-side chain
interactions affected by binding but local structural adjust-
ments to the backbone due to the contact of the two molecules.

Our findings have demonstrated that, in vitro, CNTFR and
either the gp130 CBD or the LIFR CBD1 can form dimers in
the absence of CNTF, and we have identified residues impor-
tant for these interactions. The location of the critical residues
and the ability of the two CBDs to compete with each other for
CNTFR binding suggest that this in vitro ligand-free interac-
tion may be similar to the in vivo binding mode. These data are
more consistent with the hexameric model of the CNTF recep-
tor complex, where CNTFR is proposed to interact with both
gp130 and LIFR through the same site (16, 19, 45), than the
tetrameric model in which LIFR does not necessarily contact
CNTFR, but if it did it would not be through the same site as
gp130 (24, 25) (Fig. 11B).
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