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SUMMARY

gp130 is a shared receptor for at least nine cytokines
and can signal either as a homodimer or as a hetero-
dimer with Leukemia Inhibitory Factor Receptor
(LIF-R). Here, we biophysically and structurally char-
acterize the full-length, transmembrane form of
a quaternary cytokine receptor complex consisting
of gp130, LIF-R, the cytokine Ciliary Neurotrophic
Factor (CNTF), and its alpha receptor (CNTF-Ra).
Thermodynamic analysis indicates that, unlike the
cooperative assembly of the symmetric gp130/Inter-
leukin-6/IL-6Ra hexameric complex, CNTF/CNTF-
Ra heterodimerizes gp130 and LIF-R via noncooper-
ative energetics to form an asymmetric 1:1:1:1
complex. Single particle electron microscopic
analysis of the full-length gp130/LIF-R/CNTF-Ra/
CNTF quaternary complex elucidates an asymmetric
structural arrangement, in which the receptor extra-
cellular and transmembrane segments join as a con-
tinuous, rigid unit, poised to sensitively transduce
ligand engagement to the membrane-proximal intra-
cellular signaling regions. These studies also enu-
merate the organizing principles for assembly of
the ‘‘tall’’ class of gp130 family cytokine receptor
complexes including LIF, IL-27, IL-12, and others.

INTRODUCTION

Cytokines and their receptors are essential to many aspects of

cell growth and differentiation, across the immune, hematopoi-

etic, and nervous systems. Members of the short-chain (Interleu-

kin-2 type) and long-chain (Interleukin-6 type) cytokine families

exhibit a characteristic four-helix bundle fold and engage type I

cytokine receptors, all of which contain a tandem pair of Fibro-

nectin-III (FnIII) domains, known as ‘‘cytokine-binding homology
Mole
regions’’ (CHR) (Boulanger and Garcia, 2004). The basic mecha-

nistic paradigm for receptor activation is that the cytokine en-

gages CHR domains, resulting in dimerization of the receptor

ectodomains (de Vos et al., 1992). Cytokine receptor intracellular

domains are constitutively bound to Janus kinases (JAKs) (Leo-

nard and O’Shea, 1998), which, when brought into the proper

orientation and proximity by receptor dimerization, transphos-

phorylate one another as well as the receptor (Heinrich et al.,

2003). These phosphorylated receptor tyrosines then serve as

docking sites for latent STAT (signal transducer and activator

of transcription) molecules (Leonard and O’Shea, 1998), which,

after being phosphorylated by JAKs, oligomerize and translocate

to the nucleus to act as transcription factors for a range of cyto-

kine-responsive genes.

gp130 is the founding member of the ‘‘IL-6/IL-12’’ family of tall

receptors that includes Leukemia Inhibitory Factor Receptor

(LIF-R), IL-12Rb1, IL-12Rb2, Granulocyte Colony-Stimulating

Factor Receptor (GCSF-R), and Oncostatin-M Receptor (OSM-R)

and serves as a shared signal-transducing subunit for IL-6,

IL-11, Leukemia Inhibitory Factor (LIF), Oncostatin-M (OSM), Cil-

liary Neurotrophic Factor (CNTF), Cardiotrophin-1 (CT-1), Cardi-

otrophin-like cytokine (CLC), and IL-27 (Benigni et al., 1996; Hibi

et al., 1990; Pflanz et al., 2004; Senaldi et al., 1999). The biolog-

ical roles of gp130 cytokines are highly diverse, ranging from im-

mune regulation (IL-6), to neural growth (CNTF), maintenance of

stem cell pluripotency (LIF), and cardiovascular functions (CT-1)

(Nicola and Hilton, 1998).

Some ‘‘gp130-cytokines’’ homodimerize gp130 (IL-6 and

IL-11), while a second class of gp130-cytokines (CNTF, LIF,

OSM, CLC, CT-1) heterodimerize gp130 with the shared recep-

tor LIF-R. (Heinrich et al., 2003). These ‘‘tall’’ cytokine receptors

contain an additional three membrane-proximal FnIII domains in

comparison to other type I receptors, and these domains are

necessary for signaling (Hammacher et al., 2000; Kurth et al.,

2000). The tall receptors require both the conserved two-domain

CHR and a top-mounted Ig-domain for activation, in contrast to

the short receptors (e.g., hGH, EPO, IL-2), which only require the

CHR. In keeping with the increased structural complexity of their

receptors, the cytokine ligands for the tall receptors have three
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receptor binding epitopes, compared to two for most other type I

cytokines (Bravo and Heath, 2000). A crystal structure of the top

three domains of gp130 in complex with IL-6 and IL-6Ra re-

vealed that site 1 and site 2 of the cytokines engaged IL-6Ra

and gp130 in a manner analogous to the hGH/EPO paradigm,

but that the site 3 engaged the Ig domain to bridge two hetero-

trimeric complexes into a dyad-symmetric hexamer (Boulanger

et al., 2003b). This structure raised the question of how a hetero-

dimeric gp130/LIF-R signaling complex can be formed, since it

would seem to require breaking the dyad symmetry necessary

for receptor dimerization. Recently, the structure of a binary

complex of the top five domains of LIF-R in complex with LIF re-

vealed an interaction analogous to the site 3 (Huyton et al., 2007),

as seen in the IL-6 hexamer (Boulanger et al., 2003b), and to-

gether with a prior structure of LIF bound to gp130 (Boulanger

et al., 2003a), the ternary signaling complex was modeled as

an asymmetric structure (Huyton et al., 2007). However, direct

structural evidence for an asymmetric gp130/LIF-R signaling

complex is lacking.

The structural mechanisms for how cytokine recognition is

coupled to JAK and STAT activation also remain enigmatic. Cur-

rently no structural information exists for full-length cytokine re-

ceptors containing transmembrane (TM) or intracellular domains

(ICDs), nor any structural information on cytokine receptor ICDs

alone. Precise receptor subunit conformations and complex

architectures are apparently necessary for activation of intracel-

lular signaling. For example, gp130 activation requires two differ-

ent anti-gp130 monoclonal antibodies delivered in tandem,

presumably to both dimerize the receptor and induce the appro-

priate signaling conformation(s) (Autissier et al., 1998; Muller-

Newen et al., 2000). In the Growth Hormone (hGH) and Erythro-

poetin (EPO) receptor systems, the previous assumption that

simple receptor homodimerization was sufficient for activation

has now been superseded by a body of data showing that these

receptors exist as preformed, quiescent dimers in the mem-

brane, and the role of ligand is to precisely reorient the dimer

(Brown et al., 2005; Constantinescu et al., 2001b; Livnah et al.,

1999). EPO receptor complexes induced by agonist peptides

have also shown that the receptor-receptor orientation angles

varied in accord with ligand potency (Livnah et al., 1996, 1998).

In the hGH, EPO, and gp130 systems, insertion of alanine spacer

residues into the membrane proximal ICD regions revealed an

apparent pitch dependence of intracellular phosphorylation con-

sistent with a rigid a helix (Brown et al., 2005; Constantinescu

et al., 2001a; Greiser et al., 2002), highlighting an intimate struc-

tural communication between the extracellular cytokine complex

and the ICDs bound to JAKs.

With regards to tall receptor activation, a single particle elec-

tron microscopic (EM) analysis of the hexameric gp130/IL-6Ra/

IL-6 complex containing the entire six-domain gp130 extracellu-

lar domain (ECD) revealed that the gp130 D4–D6 FnIII ‘‘legs’’

exhibited significant conformational variation (Skiniotis et al.,

2005). A majority of the particles exhibited legs that bent toward

one another at the level the receptor would enter the membrane,

presumably reflecting the ‘‘active’’ state of the receptor, in which

the TM and ICDs would be in close proximity. The structural var-

iability of the gp130 legs has also been suggested by another EM

study of the gp130/IL-11 hexameric complex (Matadeen et al.,
738 Molecular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier
2007). These studies were both conducted using soluble ecto-

domain complexes, so direct structural data on the full-length re-

ceptors remains an important goal for visualizing the bona fide

receptor signaling complex architecture.

In the present study we address the issues of both gp130/LIF-R

assembly and the resulting full-length signaling complex archi-

tecture. We find that, in contrast to the homodimeric gp130 sig-

naling complexes, the gp130/LIF-R/CNTF-Ra/CNTF complex is

asymmetric (1:1:1:1), and gp130 and LIF-R heterodimerize in

a noncooperative fashion. The structure of this asymmetric as-

sembly is resolved using a combination of X-ray crystallography

and EM, resulting in visualization of the overall architecture of the

full-length quaternary receptor complex containing TM and ICD

regions. We find that the full-length receptor complex appears to

lack segmental flexibility between the ECD, TM, and ICD regions

and speculate that this rigidity may serve to sensitively transmit

ligand-induced conformational changes across the membrane

to the ICDs, which appear unstructured in the absence of asso-

ciated JAK molecules.

RESULTS

Assembly of the Quaternary gp130/LIF-R/CNTF-
Ra/CNTF Complex
We first sought to delineate the assembly pathway and stoichi-

ometry of a gp130/LIF-R heterodimeric ectodomain complex.

Prior biochemical and structural studies showed that IL-6,

IL-6Ra, and gp130 cooperatively assemble into a hexameric sig-

naling complex (Boulanger et al., 2003b). In this sequence, IL-6

first engages IL-6Ra through site 1 to form a binary complex, fol-

lowed by low-affinity recruitment of the gp130 CHR through

a composite site 2 to form a nonsignaling ternary complex. The

final step, a high-affinity dimerization of two gp130/IL-6Ra/IL-6

heterotrimers via site 3, is dependent on prior engagement of

site 1 by the IL-6Ra, and site 2 by the gp130 CHR. In this fashion,

the site 3 interaction, which has undetectably low affinity for

gp130 IgD alone, is stabilized by the avidity afforded by the

‘‘two-point attachment’’ between opposing, antiparallel gp130

trimeric complexes.

In order to carry out an analogous study on the assembly of the

CNTF receptor complex, which is known to require gp130/LIF-R

heterodimerization, we expressed a range of soluble ligand-

binding fragments of CNTF, CNTF-Ra, gp130, and LIF-R (see

Figure S1 available online). For both gp130 and CNTF-Ra, we ex-

pressed both CHR-only (D2D3) versions and D1D2D3 versions

to assess the role of the Ig domains in complex assembly. LIF-R

differs from gp130 in that it contains an additional two-domain

CHR on ‘‘top’’ (D1D2) while the IgD, thought to engage site 3

across the tall family, resides at the D3 position (see

Figure 1A). Therefore we expressed a five-domain version of

LIF-R containing both CHRs (D1D2 and D4D5) and the IgD

(D3). Using these proteins, we carried out a series of binary, ter-

nary, and quaternary titrations to form the quaternary complex.

For the purposes of this discussion, we do not elaborate on

the specifics of the thermodynamics of the various interactions,

but instead focus on the stoichiometries and binding affinities of

different combinations of cytokine and receptors.
Inc.
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Figure 1. Thermodynamic Analysis of the Assembly of the gp130/

LIF-R/CNTF-Ra/CNTF Complex

(A) Schematic representation of gp130, LIF-R, CNTF-Ra, and CNTF. IgD de-

notes ‘‘Ig-like domain,’’ while CHR denotes ‘‘cytokine-binding homology re-

gion’’ and FnIII denotes ‘‘Fibronectin-type III domain.’’ Each CHR contains

three yellow lines to represent conserved disulfides and a WSXWS motif.

(B) Isothermal titration calorimetry illustrating the assembly of CNTF and

CNTF-Ra, followed by assembly of the CNTF-Ra/CNTF binary complex with

gp130 minus or plus the D1 IgD.

(C) Titration of LIF-R with CNTF, the CNTF-Ra/CNTF binary complex, and the

gp130/CNTF-Ra/CNTF ternary complex. Inset tables list the thermodynamic

parameters for the representative binding isotherms.
Mole
Similar to the gp130/IL-6Ra/IL-6 complex, we find that the

two- and three-domain (minus and plus IgD, respectively) ver-

sions of CNTF-Ra bind to the CNTF site 1 with roughly equal af-

finities, and that CNTF requires precomplexation with CNTF-Ra

to then engage gp130 CHR via site 2 (Figure 1B and data not

shown). However, in contrast to the IL-6 system, we find that

the CNTF/CNTF-Ra complex binds to a two-domain gp130 frag-

ment (CHR only) with similar affinity and stoichiometry as the

three-domain gp130 fragment (IgD plus CHR) (Figure 1B). In

the IL-6 system, inclusion of the gp130 IgD results in a two-or-

ders-of-magnitude affinity increase and conversion of the heter-

otrimeric complex to a hexamer (Boulanger et al., 2003b). Size

exclusion chromatography also indicates that both gp130 con-

structs form a 1:1:1 ternary complex with CNTF and CNTF-Ra

(Figure S1 available online). Thus, the IgD of gp130, which

engages the site 3 of IL-6 in the symmetric hexamer, does not

appear to participate in a site 3 interaction with CNTF. Strikingly,

titration of either CNTF, CNTF/CNTF-Ra, or CNTF/CNTF-Ra/

gp130 with LIF-R all showed similar binding affinities and 1:1,

2:1, and 3:1 stoichiometries, respectively, albeit with small devi-

ations (Figures 1C and S1). Thus, precomplexation of CNTF sites

1 and 2 with CNTF-Ra and gp130, respectively, does not appear

to be a prerequisite for LIF-R binding, and CNTF is competent to

bind LIF-R either alone or as a binary (CNTF/CNTF-Ra) or a ter-

nary (gp130/CNTF/CNTF-Ra) complex. Collectively, we find that

CNTF can form a quaternary complex (1:1:1:1) through several

redundant pathways and that recruitment of LIF-R occurs via

a noncooperative high-affinity site 3 interaction with CNTF inde-

pendent of gp130 and CNTF-Ra. We surmise that this noncoop-

erativity is a result of the high affinity of the site 3 CNTF/LIF-R

contact as an independent binary interaction that is unperturbed

by the other receptors, as has been shown for LIF/LIF-R (Bou-

langer et al., 2003a; Huyton et al., 2007). The implications of

this are that CNTF, as well as other cytokines that likely hetero-

dimerize LIF-R/gp130 into an asymmetric signaling complex

(e.g., OSM, LIF, CLC, CT-1), does not require the two-point at-

tachment (i.e., ‘‘doubling’’) to stabilize a weak site 3/gp130 inter-

action that is necessary for IL-6- and IL-11-mediated homodime-

rization of gp130. Instead, the high-affinity site 3 in the gp130/

LIF-R cytokines negates the need for avidity enhancement

through homodimerization.

Structure of Unliganded LIF-R
To investigate the structure of the cytokine-binding region of

LIF-R, we crystallized a partially glycosylated (see Experimental

Procedures) version of domains D1 to D5 of LIF-R, expressed

in insect cells, and solved the structure at a resolution of 3.1

Å (Table 1). Unliganded human LIF-R adopts an extended ‘‘fly-

ing V’’ structure �150 Å long (Figure 2A), similar to that seen in

the 4.0 Å structure of the mouse LIF/LIF-R complex (Huyton

et al., 2007). Overall, the D1D2 and D4D5 CHR modules adopt

the canonical bent elbow shape commonly seen in other cyto-

kine receptors, while the D3 Ig domain is positioned in the mid-

dle at the base of the central ‘‘V.’’ Overlay of our LIF-R structure

with the mouse LIF-R using the D3 IgD as an anchor point

shows very slight differences in overall geometry (Figure 2B),

and superimposition of the cytokine-binding D3 Ig domains re-

sults in an rmsd for a carbon atoms of 0.72 Å. An interdomain
cular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier Inc. 739



Molecular Cell

Structure of a Tall Cytokine Receptor Complex
disulfide bond between Cys194 and Cys251 fixes the D2 at

nearly a right angle to the D3 Ig domain. This disulfide bond

fixes the top CHR to extend up and away from the binding

site of a potentially side-on cytokine a-receptor subunit, possi-

bly preventing D1–D2 of LIF-R from sterically blocking complex

formation with the cytokine/a-receptor. A comparison of the

D3 Ig domain ligand-binding interfaces of unliganded human

LIF-R and mouse LIF-R bound to human LIF (Huyton et al.,

2007) shows side-chain positions that are remarkably similar

(Figure S3), indicating that only minor structural rearrangement

occurs in the LIF-R binding interface in response to ligand

binding.

Table 1. Crystallographic Statistics for LIF-R

Data Processing Statistics

Space group C 2

Cell dimensions

a, b, c (Å) 90.01 143.17 80.36

a, b, g (�) 90, 110.4, 90

Source SSRL 11.1

Wavelength (Å) 0.97945

Resolution (Å) (outer shell) 30–3.10 (3.27–3.10)

Rmerge 0.098 (0.611)

Total observations 53031 (7813)

Unique observations 16991 (2480)

Mean I/sI 10.8 (2.0)

Completeness (%) 98.2 (98.9)

Multiplicity 3.1 (3.2)

Refinement Statistics

Resolution limits (Å) 30-3.10

Reflection s cutoff 1 > 0 s

Reflections (total/test) 16071/1173

Rwork/Rfree 0.255/0.309

Number of atoms 3987

RMSD bond length (Å) 0.009

RMSD bond angle (�) 1.36

74.762

Mean B factor 94.338

Values in parentheses are for the highest-resolution shell.
740 Molecular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier
Purification and 2D Projection Analysis
of the gp130/LIF-R/CNTF-Ra/CNTF Complex
In order to investigate the architecture of the extracellular do-

mains of the gp130/LIF-R/CNTF-Ra/CNTF complex as well as

the overall architecture of a full-length cytokine/receptor com-

plex containing TM and intracellular regions, we coexpressed

full-length gp130 and LIF-R in insect cells in the presence of a sin-

gle-chain fusion consisting of domains 1 to 3 of CNTF-Ra linked

to CNTF (‘‘hyper-CNTF’’) (Marz et al., 2002). The quaternary re-

ceptor complex was purified as an intact membrane protein in

n-dodecyl-b-D-maltoside (DDM) using a monoclonal antibody

anti-peptide affinity column followed by size exclusion chroma-

tography to isolate monodisperse receptor complexes for EM

imaging (Figure 3A). In order to directly visualize the full-length

gp130/LIF-R/CNTF-Ra/CNTF assembly, we recorded EM im-

ages of the complex in negative stain. The EM images revealed

monodisperse particles with variable sizes and shapes

(Figure S4). The differences in shape of the particles could repre-

sent different orientations of the complexes on the carbon film

but could also reflect variability in the configurations adopted

by the individual subunits. As all three receptors are composed

of contiguous modules of Ig-like and FnIII domains, structural

variability was expected at the interdomain boundaries, as

seen, for example, in a VEGF receptor complex (Ruch et al.,

2007). To analyze the level of structural heterogeneity due to

the flexibility of the receptor chains, we interactively selected

23,648 particles from 83 images and classified them into 400 dif-

ferent classes. The majority of the class averages revealed an

elongated and overall asymmetric particle, suggesting that

most of the complexes adsorbed to the carbon support film in

a single preferred orientation. To improve the alignment, we per-

formed a second multireference alignment step using only the

12,711 particles in the classes showing well-defined averages

and specifying 90 output classes (Figure S5). As a result of the

better quality of the reduced data set and the increased number

of particles per class, we obtained 2D averages with better

definition of the stain-excluding areas representing protein

domains.

The class averages of the gp130/LIF-R/CNTF-Ra/CNTF com-

plex reveal the same view of an asymmetric assembly with a cen-

tral stain accumulation, suggesting a separation of the receptor

chains at this location (Figures 3B and S5). The ‘‘lower part’’ of

the complex is formed by two quasi-symmetric rod-like protein
Figure 2. Structure of Unliganded LIF-R and

Comparison with the LIF-R/LIF Complex

(A) Surface representations of unliganded human

LIF-R D1–D5. Sugar residues modeled into the

structure are colored yellow.

(B) Overlay of human LIF-R onto mouse LIF-R/LIF

structure. The D3 Ig domain of human LIF-R (pur-

ple) was aligned with the D3 Ig domain of mouse

LIF-R (blue), with the cytokine LIF shown in gold.

Receptor interaction sites 1, 2, and 3 on LIF-R

are circled.
Inc.
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densities, which join together at the bottom, ending in a region

that often appears fuzzy or smeared, which presumably repre-

sents the structural heterogeneity of the ICDs as they emanate

from the TM boundary. The ‘‘top part’’ of the assembly appears

asymmetric and more convoluted. Two protein densities appear

to be joining at the top left of the complex, from where two elon-

gated protrusions emanate, one toward the left and the other up-

wards (Figure 3B). All class averages with well-defined features

showed the complex in the same conformation. While some of

the less well-defined averages may potentially result from com-

plexes in different conformations, none of these conformations

were sufficiently populated to produce an average with clear

structural features, suggesting that there is only a single ‘‘stable’’

conformation of the complex.

Figure 3. Purification and 2D EM Averages

of the Full-Length gp130/LIF-R/CNTF-Ra/

CNTF Complex

(A) gp130/LIF-R/hyper-CNTF complex was puri-

fied by size exclusion chromatography on a Super-

ose 6 column equilibrated in 0.02% DDM, and

fractions were analyzed by SDS-PAGE. Fraction

12 corresponding to the UV absorbance peak

at �11.5 ml were subsequently used for EM

imaging.

(B) Representative 2D averages of negatively

stained gp130/LIF-R/hyper-CNTF particles. Scale

bar, 20 nm.

(C) Comparison of 2D averages and domain orga-

nization between the extracellular assembly of

gp130/hyper-CNTF subcomplex (left), the hex-

americ gp130/IL-6/IL-6-Ra complex (middle), and

the tetrameric full-length gp130/LIF-R/hyper-

CNTF complex (right). The white dotted rectangles

indicate the regions of similarity between the

gp130/hyper-CNTF subcomplex with either side

of the symmetric gp130 homodimeric complex

and the left side of the gp130/LIF-R heterodimeric

complex. This similarity suggests that the gp130/

CNTF-Ra/CNTF subcomplex constitutes the left

side of the gp130/LIF-R complex, with the density

projecting to the left corresponding to the D1–D2

domains of CNTF-Ra. The legs of the gp130/LIF-R

heterodimer appear to be joining at a higher level

than the legs in the homodimeric gp130 complex.

Belowthe fuzzyTMregionof theheterodimer,nodis-

tinct protein density is observed. Scale bar, 10 nm.

To interpret the projection averages

and to assign individual densities to the

different protein subunits in the gp130/

LIF-R/CNTF-Ra/CNTF assembly, we

prepared (Figure S6) and calculated 2D

averages of a ternary subcomplex of

gp130 with CNTF-Ra/CNTF (Figures 3C,

left, and S6) missing LIF-R, for compari-

son to the full quaternary complex con-

taining LIF-R. The homology of CNTF

with IL-6, CNTF-Ra with IL-6Ra, and

gp130 with LIF-R allows us to compare

the 2D average of the gp130/CNTF-Ra/

CNTF subcomplex not only with those of the gp130/LIF-R/

CNTF-Ra/CNTF assembly but also with those of the extracellular

gp130/IL-6Ra/IL-6 complex (Skiniotis et al., 2005). The structure

of the gp130/CNTF-Ra/CNTF subcomplex should resemble half

the structure of the symmetric hexamer of the gp130/IL-6Ra/IL-6

complex (Figure 3C, middle) and also part of the asymmetric

gp130/LIF-R/CNTF-Ra/CNTF complex (Figure 3C, right). In-

deed, the gp130/CNTF-Ra/CNTF subcomplex appears similar

to both sides of the symmetric gp130/IL-6Ra/IL-6 complex

(Figure 3C, white rectangles) and also to the left side of the

gp130/LIF-R/CNTF-Ra/CNTF assembly, except for the density

projecting from the top (see below). Consequently, the right

side of the average of the gp130/LIF-R/CNTF-Ra/CNTF assem-

bly represents LIF-R. LIF-R appears to interact with CNTF at the
Molecular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier Inc. 741



Molecular Cell

Structure of a Tall Cytokine Receptor Complex
Figure 4. NMR Analysis of the Intracellular Domain of gp130 Reveals a Flexible State

(A) 15N-labeled gp130 intracellular domain (amino acids 642–918, 34 kDa) exhibited monodisperse behavior and eluted at an approximate size of 100 kDa from

a size exclusion column. Fractions were analyzed by SDS-PAGE (inset).

(B and C) 1H-NMR spectrum (B) and 1H-15N HSQC spectrum (C) of the gp130 intracellular domain.
level of the D3 (IgD), corresponding to the point of the ‘‘flying V’’

seen in the LIF-R crystal structure (Figure 2), and consistent with

the crystal structure of the LIF/LIF-R complex (Huyton et al.,

2007). The unengaged density projecting from the top of the

LIF/LIF-R interaction site corresponds to LIF-R domains D1

and D2 that constitute the N-terminal CHR, which is not present

in gp130.

At the bottom half of the assembly, the FnIII legs of both gp130

(D4–D6) and LIF-R (D6–D8) bend toward each other until they

come together and further continue downwards as a single den-

sity. The legs of the full-length gp130/LIF-R heterodimer unam-

biguously join at the level of gp130 D5/LIF-R D7 in all averages,

in contrast to the gp130 homodimer that was found to interact

mostly at the level of D6 (Figure 3C, middle; Skiniotis et al.,

2005). Importantly, we found a significant amount of heterogene-

ity in the positioning of the FnIII ‘‘leg’’ domains of gp130 in the

gp130/CNTF-Ra/CNTF averages (Figure S6), indicating that het-

erodimerization with LIF-R stabilizes the conformations of the

membrane-proximal domains of gp130. Below the densities rep-

resenting the D6 domain of gp130 and the D8 domain of LIF-R, at

the level of the TM and ICDs, the protein regions appear fuzzy,

with no discernable or definable protein density observed. Given

the close association of the membrane-proximal FnIII domains of

gp130 and LIF-R, their neighboring TMs may be associated;

however, this remains uncertain at the resolution of these projec-

tion averages. The lack of clear density C-terminal to the TM re-

gions suggests that the intracellular part of gp130 and LIF-R

either exist as largely unstructured polypeptides or are too flex-

ible to produce a signal in the averages. However, the uniformity

of the positions of the ‘‘legs + TM + ICD’’ unit seen in the EM

projection averages strongly suggests conformational rigidity

and a lack of segmental flexibility in the hinges connecting these

regions.

NMR Structural Characterization of the gp130
Intracellular Region
To investigate whether the intracellular regions of the gp130/LIF-

R heterodimer are unstructured or too flexible to be visible in the

EM averages obtained, we expressed and purified the intracellu-

lar domain (ICD) of gp130 from E. coli and collected 1H and
1H-15N HSQC (Heteronuclear Single Quantum Coherence)
742 Molecular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier
NMR spectra to analyze its structure. In the 1D spectrum

(Figure 4B), very little chemical dispersion of the aliphatic and

amide protons was observed, and no up-shifted methyls are

present, which indicates the absence of a stable hydrophobic

core. The 2D-HSQC spectrum shows little dispersion in both

the proton and nitrogen dimensions (Figure 4C), indicating the

amide groups of the peptide backbone are disordered. Addition-

ally, the 34 kDa purified gp130 ICD migrated on a size exclusion

column at an apparent size of �100 kDa (Figure 4A) and is

extremely sensitive to trypsin and carboxypeptidase digestion

(data not shown), indicating that the ICD may exist in a loosely

packed, molten globule-like state. Based on these results, it ap-

pears the gp130 ICD is unstructured in the absence of bound sig-

naling proteins, consistent with the lack of distinct protein densi-

ties in the EM averages. It is possible that the gp130 ICD may

assume more structure when paired with the LIF-R ICD, but

we think this is unlikely given that the gp130 ICD alone is present

in the IL-6 and IL-11 gp130 homodimeric signaling complexes.

This suggests that the isolated fragment studied here can be ex-

trapolated to the heterodimeric situation. Similar to gp130, the

ICD of LIF-R is predicted to be random coil in �70%–80% of

its sequence.

Molecular Modeling and 3D Reconstruction
of the gp130/LIF-R/CNTF-Ra/CNTF Complex
To obtain a comprehensive understanding of the architecture of

the entire full-length gp130/LIF-R/CNTF-Ra/CNTF complex, we

used crystal structures of corresponding actual or homologous

proteins and complexes, together with our calorimetry data,

EM 2D class averages, and 3D reconstruction to model the li-

gand/receptor assembly. For this strategy, we first constructed

an atomic model of the gp130/LIF-R/CNTF-Ra/CNTF ectodo-

main complex using components of several crystal structures

(Figure 5A), informed by the site 1, 2, and 3 assembly data

from the ITC experiments. Next, we created a ‘‘density volume’’

of this model for which projections were calculated and com-

pared to our actual EM data. Finally, we calculated a 3D re-

construction of the full-length gp130/LIF-R/CNTF-Ra/CNTF

complex, which was used to validate and refine our model.

To model the gp130(D1D2D3)/CNTF-Ra(D1D2D3)/CNTF ter-

nary complex module, we used the crystallographic coordinates
Inc.
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of the gp130/IL-6Ra/IL-6 ternary complex (Boulanger et al.,

2003b) (Figure 5A). The LIF-R model was derived from the crystal

structure here and the structure of LIF-R/LIF (Huyton et al.,

Figure 5. Architecture of the gp130/LIF-R/CNTF-Ra/CNTF Complex

(A) The 3D structure of the ectodomain ‘‘headpiece’’ of the gp130/LIF-R/

CNTF-Ra/CNTF complex was modeled based on the crystal structures of

gp130/IL-6Ra/IL-6 and the LIF-R/LIF complexes. The gp130 and LIF-R

‘‘legs’’ (D4–D6 and D6–D8, respectively) were modeled according to the den-

sities observed in the 2D EM averages as shown in Figure 3C (gp130, blue;

IL-6Ra, green; IL-6, orange; LIF-R, magenta; LIF, yellow; CNTF-Ra, green;

CNTF, yellow).

(B) The model of the full extracellular gp130/LIFR/CNTF-Ra/CNTF complex

was filtered to 30 Å resolution (B1) and was subsequently used to generate

projections at regular angular intervals. The projections (B2) most similar to

the experimental 2D averages were identified by crosscorrelation against

two of the most representative class averages (B3).

(C) 3D reconstruction of the gp130/LIF-R/CNTF-Ra/CNTF complex and fit

crystal structures. The 3D map clearly shows density corresponding to the

transmembrane region of gp130/LIFR below the level of the C-terminal extra-

cellular domains.

Scale bars in (B) and (C), 20 nm.
Mole
2007). Based on our calorimetry experiments (Figure 1), and

the recently determined crystal structure of LIF-R in complex

with LIF (Huyton et al., 2007), the IgD (D3) domain of LIF-R inter-

acts directly with site 3 of CNTF, as shown in Figure 5A. In con-

trast, the IgD (D1) domain of gp130 does not engage in complex

formation, as also indicated by the 2D averages of the complex

(Figure 3B). Therefore, by aligning the LIF coordinates obtained

from the LIF-R/LIF structure to the IL-6 coordinates in the

gp130/IL-6Ra/IL-6 structure we obtained an approximation of

the gp130/LIF-R/CNTF-Ra/CNTF membrane-distal region (i.e.,

‘‘the headpiece’’). To better match the resulting model with the

densities shown in our 2D projections, we slightly adjusted the

position of LIF-R D4 and D5, which are likely somewhat dynamic

based on the flexible hinge between the D3 Ig domain and the

D4D5 CHR domain. To model the three membrane-proximal FnIII

domains in gp130 and LIF-R, we used coordinates extracted

from the structure of the human fibronectin 7-10 fragment (do-

mains 7–9) (Leahy et al., 1996). Using the 2D averages as a guide,

the FnIII domains were modeled to approximate the structure for

the membrane-proximal D6–D8 of LIF-R and D4–D6 of gp130. In

contrast to our model for the full extracellular assembly of gp130/

IL-6Ra/IL-6 (Figure 6A), the FnIII ‘‘legs’’ of LIF-R and gp130 were

modeled to engage at the level of the two last C-terminal FnIII do-

mains (D5–D6 for gp130 and D7–D8 for LIF-R), based on the neg-

ative stain EM data presented in Figure 3.

To test our chain assignment and modeling, the crystallo-

graphic model was converted into a density volume filtered to

a resolution of 30 Å (Figure 5B1), which was then used to gener-

ate projections at an angular interval of 5�. The projections most

similar to the experimental 2D averages were identified by cross-

correlation against two of the most representative class aver-

ages that showed slightly different arrangements of the complex

(Figure 5B3). The projections from our model that presented the

highest crosscorrelation coefficients (Figure 5B2) were indeed

almost identical to the class averages (compare Figures 5B2

and 5B3). This result suggests that the small variations in the

2D averages are due to slightly different views of the complex

and confirms that our model is a good approximation of the 3D

architecture of the gp130/LIF-R/CNTF-Ra/CNTF complex.

To further validate our model, we calculated a 3D reconstruc-

tion of the full-length gp130/LIF-R/CNTF-Ra/CNTF complex

(Figures 5C and S7) using the random conical tilt approach (Ra-

dermacher et al., 1987). The final 3D reconstruction was based

on combining a total of 3654 projections from 60�/0� image tilt

pairs. Despite the relatively low nominal resolution of the recon-

struction (�35 Å), the 3D map confirms the asymmetric nature of

the complex, with the two parallel densities corresponding to the

receptor chains joining at the top and bottom of the EM density,

and the density of CNTF-Ra projecting perpendicular to the as-

sembly at only one side of the EM map (Figures 5C and S7). Our

initial model fit well into the 3D reconstruction, but small-scale

adjustments, mainly of the flexible leg domains, further improved

the fit. The 3D reconstruction shows only an indication for the

two N-terminal domains of LIF-R (D1–D2) that protrude from

the top of the headpiece, presumably due to their high flexibility,

which is also evidenced by their weak density in the 2D projec-

tions (Figure 3B). Below the level of the last FnIII domains of

gp130 (D6) and LIF-R (D8), the 3D reconstruction shows
cular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier Inc. 743
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additional density that represents the transmembrane regions of

the receptors, consistent with the 2D class averages.

DISCUSSION

gp130 is the founding member of the family of ‘‘tall’’ cytokine re-

ceptors and has the unique ability to signal in response to a di-

verse group of cytokines. In order to achieve such diversity in

signaling inputs while maintaining specificity, gp130 has evolved

both a degenerate binding interface (Boulanger et al., 2003a) as

well as the ability to homodimerize or heterodimerize with several

other members of the tall receptor family, including LIF-R, OSM-

R, and TCCR/WSX-1. Up to this point, only the architecture of the

cytokine binding region of symmetric homodimeric complexes

of gp130 with IL-6 or IL-11 have been elucidated (Boulanger

et al., 2003b; Chow et al., 2001; Matadeen et al., 2007). The

Figure 6. The Organizing Principles of the

gp130 Family of Cytokine/Receptor Com-

plexes

(A) Structural comparison of homodimeric and

heterodimeric gp130 receptor complexes. The

structure to the left is the 1:1:1:1 gp130/LIF-R/

CNTF-Ra/CNTF complex, and the image to the

right is the 2:2:2 gp130/IL-6Ra/IL-6 complex (Ski-

niotis et al., 2005). In both cases, the bending of

the ‘‘legs’’ allows gp130 and LIF-R to form intimate

receptor-receptor contact prior to entering the cell

membrane, enforcing a close apposition of the

receptor dimer.

(B) Models were constructed for the cytokine-

binding regions of representative classes of the

gp130 ‘‘tall’’ receptor family. gp130 homodimeri-

zation induced by IL-6, and IL-11 is represented

by the structure of the gp130/IL-6Ra/IL-6 hexamer.

CNTF-induced heterodimerization of gp130 and

LIF-R requires CNTF-Ra (which interacts with

site 1), while LIF can heterodimerize gp130 and

LIF-R in the absence of an alpha receptor. For

IL-27, gp130 heterodimerizes with TCCR/WSX-1

(lacking IgD), with TCCR/WSX-1 binding to site

2, and gp130 interacting with site 3 on the p28

subunit. For the IL-12 cytokine receptor complex,

IL-12Rb1 (lacking IgD) interacts with site 2 on the

p35 subunit of the IL-12 heterodimer, while IL-

12Rb2 (contains IgD) interacts with site 3. All

models were generated in COOT and PYMOL us-

ing known structures for gp130/IL-6Ra/IL-6 (PDB

ID 1P9M), unliganded IL-6Ra (PDB ID 1N26), LIF-

R/LIF (PDB ID 2Q7N), and unliganded LIF-R

(PDB ID 3E0G).

question has remained how gp130 is

able to heterodimerize with other recep-

tors when the symmetry, and consequent

energetic advantage provided by two site

3 binding epitopes, is not present. While

structural evidence exists that gp130 en-

gages LIF-R cytokines via the site 2 and

LIF-R engages the same cytokines via

site 3 (Boulanger et al., 2003a; Huyton et al., 2007), the architec-

ture of a bona fide heterodimeric complex has remained an

important unresolved question in the field.

To answer this question, we first examined the binding ener-

getics of the gp130/LIF-R/CNTF-Ra/CNTF complex using calo-

rimetry. We found that only the D2D3 CHR of gp130 is required to

engage CNTF-Ra/CNTF complex, indicating gp130 engages site

2 on the cytokine. Second, we found that LIF-R could engage

CNTF alone, the CNTF-Ra/CNTF dimer, or the trimeric gp130/

CNTF-Ra/CNTF complex with similar energetics, indicating

that LIF-R engages site 3 on CNTF as a structurally independent

binding epitope. We conclude from these studies that, in the

gp130/LIF-R/CNTF-Ra/CNTF complex, the gp130/CNTF-Ra/

CNTF ‘‘site 1-2’’ ternary complex closely resembles the gp130/

IL-6Ra/IL-6 ternary complex, but that LIF-R forms a single point

of attachment to the ternary complex via the site 3 of CNTF,

which is of high enough affinity to stabilize the heterocomplex.
744 Molecular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier Inc.
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The crystal structure of LIF-R combined with the EM 2D aver-

ages of the gp130/CNTF-Ra/CNTF subcomplex and the

gp130/LIF-R/CNTF-Ra/CNTF complex support the conclusion

that this complex is a 1:1:1:1 tetramer. Alignment of the gp130/

IL-6Ra/IL-6 trimer with the LIF-R/LIF structure using the cytokine

as the anchor point provides a model that corresponds well with

both the EM 2D averages and 3D reconstruction of the complex

(Figure 5). While there appears to be some flexibility in the extra-

cellular domains of the complex (Figure S5), nearly all averages

display the ‘‘X’’ shape adopted by the cytokine binding regions

of gp130, LIF-R, and CNTF-Ra.

Organizing Principles for Assembly of gp130 Family
Receptor Complexes
Given the conservation of the locations of the receptor binding

epitopes on the cytokines (i.e., sites 1, 2, and 3), and the corre-

sponding functional domains of the tall receptors (i.e., IgD,

CHR, and membrane-proximal FnIII ‘‘legs’’), resolution of the ar-

chitecture of the gp130/LIF-R/CNTF-Ra/CNTF complex allows

us to now model the architectures of all heterodimeric com-

plexes in the ‘‘gp130 family’’ (Figure 6B). The modeling is driven

by the presence, or absence, of the IgD on one of the two signal-

ing receptors that engages site 3 of the cytokine, thereby impos-

ing a geometric restraint for assembly of the remainder of the

complex. For example, while all of the cytokines contain site

3s, in most of the heterodimeric receptor complexes, only one

of the two signaling receptors contain an IgD to bind to the site

3 (e.g., gp130, IL-12Rb2)—thus the presence of the Ig domain

‘‘marks’’ that tall receptor as engaging in a site 3 cytokine con-

tact. With the IgD/site 3 interaction identified (e.g., CNTF/LIF-

R, LIF/LIF-R, p28/gp130, p35/IL-12Rb1), the cytokine site 1 is

left to then engage a nonsignaling alpha receptor (e.g., CNTF/

CNTF-Ra, p28/EBI3, p35/p40; LIF has no alpha receptor) in the

stereotypical growth-hormone-type side-on site 1 fashion, leav-

ing site 2 to engage the CHR of the second signaling receptor

(lacking the IgD) (e.g., CNTF/gp130, LIF/gp130, p28/TCCR,

p35/IL-12Rb1). Sites 2 and/or 3 can be utilized by gp130 to gen-

erate both homodimeric complexes (represented by IL-6, IL-11,

viral IL-6) as well as two types of heterodimeric signaling com-

plexes (represented by LIF, CNTF, and IL-27). In the case of IL-

27 (p28/EBI3) and IL-12 (p35/p40), the gp130-like signaling sub-

units WSX-1/TCCR (Chen et al., 2000; Sprecher et al., 1998) and

IL-12Rb1 (Chua et al., 1994) lack N-terminal Ig domains to inter-

act with site 3, and instead engage site 2 of their respective cy-

tokines (p28 and p35). This arrangement leaves gp130 and IL-

12Rb2 to engage site 3 via their Ig domains. The gp130 paradigm

can also be extended to other homodimeric members of the tall

receptor family such as GCSF/GCSF-R and Leptin/OB-R (Tam-

ada et al., 2006; Tartaglia et al., 1995).

Imaging of an Activated Cytokine-Receptor Complex
The 2D averages and 3D reconstruction of the gp130/LIF-R

complex presented here provide us with a snapshot of a full-

length cytokine receptor ectodomain complex in an ‘‘on’’ state,

albeit in the absence of associated JAK molecules, and allows

us to address several questions relating to cytokine receptor ac-

tivation. One question has been whether the juxtamembrane,

transmembrane, and intracellular domains are closely associ-
Molec
ated in the full-length receptor complex. From the earlier sin-

gle-particle EM analysis of the IL-6 ectodomain complex, it

was clear that the gp130 membrane-proximal D4–D6 ‘‘legs’’

were in close proximity in many class averages, although there

were particles where the legs angled apart (Skiniotis et al.,

2005). What is notable about the current full-length gp130/LIF-

R class averages is that the receptor legs are uniformly joined,

with connection of the legs occurring near D5 of gp130 and D7

of the LIF-R ECDs. These results are consistent with functional

studies of the gp130/LIF-R signaling complex, suggesting an in-

teraction between the D5 of gp130 and D7 of LIF-R facilitates

signaling (Timmermann et al., 2002). Interestingly, the EM aver-

ages show very little structural heterogeneity in the juxtamem-

brane and TM regions, which indicates that they are closely as-

sociated at all times after ligand engagement. These structural

observations are in accord with cellular studies of the gp130

and EPO juxtamembrane segments, where it was suggested

they are rigid units, not flexible linkers that would absorb, and

consequently dampen, the ability to relay structural perturba-

tions induced by ligand binding to the ECDs, (Constantinescu

et al., 2001a; Greiser et al., 2002; Seubert et al., 2003). We spec-

ulate that the rigid conformation of the membrane-proximal re-

gions of the gp130/LIF-R complex serves to sensitively transmit

structural information through the membrane to activate recep-

tor-bound JAK kinases. It is not known at this point whether

CNTF binding induces gp130/LIF-R receptor association, or

rather alters the orientation of a preformed receptor dimer to ac-

tivate signaling, as seen in the hGH system (Brown et al., 2005).

What is clear is that the conformation of the membrane-proximal

regions triggered by ligand binding is a structurally stable state

and likely represents their disposition in the active signaling com-

plex.

Another question is whether the intracellular domains of cyto-

kine receptors fold into defined tertiary structures, as so far there

is no structural information bearing on this issue. Despite con-

tributing one-fifth of the total mass of the complex (�500 amino

acids), we observed that the intracellular domains of gp130 and

LIF-R provide no discernable density in the EM averages of the

complex. This finding suggested to us that the intracellular do-

mains lacked the structure necessary to provide clear density

in the EM averages. To address this possibility, we performed
1H and 1H-15N HSQC NMR analysis on the purified intracellular

domain (ICD) of gp130. These results indicate that the gp130

ICD lacks definable tertiary structure. Interestingly, the gp130

ICD is stable and monodisperse on a size exclusion column, sug-

gesting that it likely exists in a weakly ordered, molten globule-

like state. Although we did not analyze the ICD of LIF-R by

NMR, secondary structure prediction algorithms predict that

like gp130, the LIF-R ICD is also unstructured (data not shown).

One caveat to these interpretations is that cytokine receptor

ICDs are constitutively bound to JAKs, and we analyzed an

apo� form. It is possible that the ICDs will assume a substantially

more ordered structure when bound to JAKs. However, the JAK

binding regions, known as ‘‘box 1’’ and ‘‘box 2’’ in the mem-

brane-proximal regions of the receptor ICDs, have been mapped

to two short stretches of amino acids (�20 amino acids) (Mura-

kami et al., 1991). Thus, while box 1 and box 2 may bind to

JAK and be rigidified, it is likely the remaining ICD polypeptide
ular Cell 31, 737–748, September 5, 2008 ª2008 Elsevier Inc. 745
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chain is highly flexible. We hypothesize that the intracellular do-

mains of all cytokine receptors that engage JAK kinases may ex-

ist in a weakly ordered state to facilitate ligand-induced confor-

mational changes required for JAK reorientation and signaling.

gp130, for example, contains five tyrosine phosphorylation mo-

tifs dispersed over the C-terminal 200 amino acids of the intra-

cellular domain, so flexibility would seem to be important to allow

the JAK kinases, STAT transcription factors, and other signaling

and regulatory proteins unhindered access to these sites.

EXPERIMENTAL PROCEDURES

Soluble Protein Expression and Purification

Human LIF-R (D1–D5), gp130 (D1–D3 or D2–D3), CNTF-Ra (D1–D3), and CNTF

as well as the CNTF-RaD1–D3/CNTF fusion (hyper-CNTF) were expressed in

HiFive insect cells. The intracellular domain of human gp130 was expressed

in E. coli strain BL21(DE3) and induced in M9 minimal media containing
15NH4Cl. All constructs were purified by Ni-affinity chromatography followed

by size exclusion chromatography.

Purification of Full-Length Receptor Complexes

Full-length human gp130 and LIF-R were cloned into the vector pACSG2 con-

taining the GP67 signal sequence and a C-terminal EE epitope tag (EYMPME).

HiFive cells were infected with gp130 virus alone or coinfected with gp130 and

LIF-R virus and incubated with supernatant from cells expressing hyper-CNTF

to allow for formation of the receptor complex in situ. After cell lysis and

centrifugation, membrane pellets were solubilized in buffer containing 1%

n-dodecyl-b-D-maltoside (DDM), and the supernatant was incubated with

EE antibody-coupled CNBR-sepharose. The gp130/hyper-CNTF complex or

gp130/LIF-R/hyper-CNTF complex were eluted from EE-sepharose with

buffer containing 200 mg/ml EE peptide and further purified in 0.02% DDM

by gel filtration.

Isothermal Titration Calorimetry

Titrations were performed on a VP-ITC calorimeter (MicroCal, Northhampton,

MA) at the given temperatures. Data were processed with the MicroCal Origin

software. After the run was complete, the contents of the cell were run on

a Superdex 200 gel filtration column and analyzed by SDS-PAGE to confirm

that all proteins were present in the complexes (Figure S1).

NMR
15N-labeled gp130 (amino acids 642–918) was concentrated to 0.4 mM, and

D2O was added to 10%. 1D and 2D-HSQC NMR spectra were acquired using

an 800 MHz Varian Inova spectrometer at 25�C.

Crystallization and Data Collection of LIF-R

A mutant version of LIF-R (D1–D5), with five of thirteen potential N-linked gly-

cosylation sites mutated (Asn64/85/143/191/243 to Gln), was overexpressed

in HiFive insect cells and purified via Ni-affinity and gel filtration chromatogra-

phy. Crystals were grown in 100 mM sodium citrate (pH 5.0), 100 mM lithium

sulfate, and 6%–8% PEG 3350. Data were collected at beamline 11-1 of Stan-

ford Synchotron Radiation Laboratory (SSRL), and diffraction data was pro-

cessed using MOSFLM and integrated using SCALA and TRUNCATE. Data

processing statistics are listed in Table 1.

Structure Determination and Refinement of LIF-R

The structure of LIF-R (D1–D5) was solved by molecular replacement using as

search model individual domains of mouse LIF-R from the LIF-R/LIF structure

(PDB ID 2Q7N) (Huyton et al., 2007). The resolution of the final refined structure

was 3.1 Å, with R and Rfree factors of 25.5% and 30.9%, respectively. The final

model contains Asp52 (residue 1 in the model) through Ser534 of LIF-R, with

11 sugar moieties modeled at four N-linked glycosylation sites (Asn131,

Asn303, Asn407, and Asn426). Refinement statistics are listed in Table 1.

The structure has been deposited in the PDB under ID 3E0G.
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Electron Microscopy

Receptor complexes were prepared for electron microscopy using the con-

ventional negative staining protocol (Ohi et al., 2004) and imaged at room tem-

perature with a Tecnai T12 electron microscope operated at 120 kV. Images of

specimens were recorded using low-dose procedures at a magnification of

52,0003 and a defocus value of about �1.5 mm.

Image Processing

Multireference alignment and classification for the projection analysis of the

gp130/LIF-R/CNTF-Ra/CNTF complex (Figure S5) and the gp130/hyper-

CNTF subcomplex (Figure S6) were carried out using the SPIDER image pro-

cessing suite (Frank et al., 1996).

For the 3D reconstruction, we used the random conical tilt technique (Rader-

macher et al., 1987) to calculate a first backprojection map, which, after angu-

lar refinement in SPIDER, served as a reference for a combination of 3654 pro-

jections (60� and 0� images of particles from three similar classes, marked with

a yellow dot in Figure S8B) to calculate the final 3D reconstruction with the pro-

gram FREALIGN (Stewart and Grigorieff, 2004).

Molecular Modeling of the gp130/LIF-R/CNTF-Ra/CNTF Complex

The models of the gp130/LIF-R/CNTF-Ra/CNTF complex were generated us-

ing the program O (Jones et al., 1991). The model was further refined by mainly

adjusting the FNIII legs to obtain a better fit of the coordinates into the EM den-

sity map (Figure S7).

ACCESSION NUMBERS

The structure has been deposited in the Protein Data Bank under ID 3E0G.

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures and

eight figures and can be found with this article online at http://www.

molecule.org/cgi/content/full/31/5/737/DC1/.
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