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gp130 is the shared signal-transducing receptor subunit for
the large and important family of interleukin 6-like cytokines.
Previous x-ray structures of ligand-receptor complexes of this
family lack the three membrane-proximal domains that are
essential for signal transduction. Here we report the crystal
structure of the entire extracellular portion of human gp130
(domains 1-6, D1-D6) at 3.6 A resolution, in an unliganded
form, as well as a higher resolution structure of the membrane-
proximal fibronectin type III domains (D4-D6) at 1.9 A. This
represents the first atomic resolution structure of the complete
ectodomain of any “tall” cytokine receptor. These structures
show that other than a reorientation of the D1 domain, there is
little structural change in gp130 upon ligand binding. They also
reveal that the interface between the D4 and D5 domains forms
an acute bend in the gp130 structure. Key residues at this inter-
face are highly conserved across the entire tall receptor family,
suggesting that this acute bend may be a common feature of
these receptors. Importantly, this geometry positions the C ter-
mini of the membrane-proximal fibronectin type III domains of
the tall cytokine receptors in close proximity within the trans-
membrane complex, favorable for receptor-associated Janus
kinases to trans-phosphorylate and activate each other.

The cell surface receptor gp130 is a shared signaling receptor
subunit for the interleukin 6 (IL-6)*-like cytokine family, which
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includes IL-6, IL-11, leukemia inhibitory factor (LIF), oncosta-
tin M (OSM), and ciliary neurotrophic factor (CNTF) (1-4).
This family of cytokines is involved in inflammatory and
immune responses and also plays crucial roles in hematopoie-
sis, liver and neuronal regeneration, embryonic development,
and fertility (1-4). Dysregulation of signaling contributes to
diseases such as inflammatory bowel disease, osteoporosis,
multiple sclerosis, multiple myeloma, and prostate cancer
(1-4).

gp130 is the principal member of the “tall” cytokine receptor
family, which also includes LIFR, OSM receptor, IL-12Rf2,
IL-27Re, IL-31Re, granulocyte colony-stimulating factor re-
ceptor, and leptin receptor (5). From sequence homology, the
ectodomains of these receptors are predicted to be modular,
containing 5- 8 structural domains (6). gp130 has six domains:
an N-terminal Ig-like domain (D1); a cytokine-binding module
(D2-D3); and three contiguous, membrane-proximal,
fibronectin type III (ENIII) domains (D4 -D6) that define the
tall receptor family.

Within this family, signaling occurs through two mecha-
nisms. Binding of cytokines such as IL-6 or IL-11 to their spe-
cific cell surface receptor a-chains leads to gp130 homodimer-
ization; binding of other cytokines of the IL-6 family can lead to
heterodimerization of gp130 with a second signal-transducing
tall receptor, such as LIFR or OSM receptor. Upon cytokine
binding, the C-terminal FNIII domain “legs” of the tall recep-
tors are brought into position on the cell surface with the cor-
rect proximity and orientation to allow trans-phosphorylation
of receptor-associated Janus kinases (JAKs). Activated JAKs
phosphorylate the receptors on specific tyrosine residues, cre-
ating docking sites for molecules with SH2 domains including
the signal transducers and activators of transcription (STATs),
which subsequently translocate to the nucleus to initiate the
transcription of cytokine-responsive genes.

A variety of high resolution crystal structures of cytokine
receptors have shown how tall receptors bind ligand and olig-
omerize with other signaling or non-signaling subunits through
the membrane-distal region (7-12). Low resolution electron
microscopy (EM) images showed that the legs approach each
other close to the membrane in a number of signaling-compe-
tent gp130 complexes (5, 13, 14). It has also been established by
mutagenesis that the legs of the receptor provide an essential
geometry required for signaling (15-17). However, high reso-
lution structural detail concerning these critical membrane-
proximal FNIII domains is still lacking.

Here we report crystal structures of the entire extracellular
portion of human gp130 (D1-D6) at 3.6 A resolution and of the
membrane-proximal FNIII domains alone (D4-D6) at 1.9 A
resolution. These structures together with previously published
crystallographic and EM studies further our understanding of

CNTFR, CNTF receptor; JAK, Janus kinase; FNIII, fibronectin type IlI; EpoR,
erythropoietin receptor; r.m.s.d., root mean square deviation; EM, electron
microscopy; Se-Met, seleno-methionine; STAT, signal transducers and acti-
vators of transcription.
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how the tall receptor family assemble high affinity signaling
complexes.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Human gp130 D1-D6
(residues 1-597), bearing an N-terminal gp67 signal peptide,
FLAG tag, and tobacco etch virus protease cleavage site, was
expressed in Sf21 insect cells. Recombinant protein was puri-
fied using anti-FLAG M2-agarose (Sigma) and gel filtration
chromatography. Human gp130 D4-D6 (residues 301-591)
was expressed as an N-terminal His, fusion in Escherichia coli
BL21(DE3) cells and purified by sequential nickel affinity, anion
exchange, and gel filtration chromatography. See Supple-
mental Methods for details.

Crystallization and Structure Determination—Crystalliza-
tion was accomplished by hanging-drop vapor diffusion at
20 °C. Two crystal forms of gp130 D4 —D6 were obtained from
12-20% polyethylene glycol 8000, 0.056 m NaCl, 0.1 m Tris-
HCI, pH 8.5. Seleno-methionine (Se-Met)-substituted crystals
were obtained under the same conditions. gp130 D1-D6 crys-
tals were obtained from 1.5-2.0 m (NH,),SO,, 0.1 M imidazole-
malonate, pH 6.0.

Diffraction data were collected on beamlines MX1 or MX2 at
the Australian Synchrotron. For D4—-D6 structures, data were
integrated and scaled using HKL2000 (18). A multiwavelength
anomalous dispersion dataset (inflection point and remote) was
collected from a Se-Met derivative for orthorhombic D4-D6
crystals. Four Se-Met sites were located using PHENIX (19),
allowing phases to be calculated, and a model was built auto-
matically, with manual editing performed in COOT (20).
Refinement was performed using PHENIX and converged with
R, = 0.177 and Ry, = 0.220 for data to 1.9 A resolution. A
native dataset was collected for monoclinic D4 —D6 crystals and
integrated to 3.1 A. The 1.9 A D4-D6 structure was used as a
molecular replacement model using PHASER (21). Building
and refinement were performed in COOT (20) and PHENIX
(19), respectively. D1-D6 diffraction data were processed using
XDS (22) and scaled with SCALA (23). A molecular replace-
ment solution was found using PHASER (21), using our 1.9 A
structure of D4 -D6 and gp130 D2-D3 from Protein Data Bank
(PDB) entry 1P9M (11) as models. Refinement and building
were performed in REFMAC (24) and COOT (20), respectively.
Examples of electron density for 1.9 A D4—D6 and 3.6 A D1-D6
structures are shown in supplemental Fig. 1. Surface areas of
the inter-FNIII domain interfaces were calculated using
AREAIMol (23).

Fit of Crystal Structures into EM Density Map—W e fitted our
model structure into the EM map manually using PyMOL (25).
Fitting refinement was performed in URO (26) using data from
260 to 30 A.

RESULTS

Structure of the Membrane-proximal FNIII Domains of gp130—
In the absence of structural information on the membrane-
proximal domains of any tall receptor, we sought to structurally
characterize this region of gp130. Two crystal forms of gp130
D4 -D6 were obtained under similar crystallization conditions.
Rod-shaped crystals diffracted to 1.9 A and belonged to the
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FIGURE 1. Overall structure of gp130. A, overlay of the 1.9 and 3.1 A (both
chains) structures of D4-D6. B, the entire extracellular region of gp130 (D1
(green), D2 (orange), D3 (slate), D4 (cyan), D5 (magenta), D6 (lime)). Regions
marked /, I, and /Il are shown in detail in parts C, D, and E, respectively.

space group P2,2,2,, with a single copy of the three-domain
module in the asymmetric unit (supplemental Table 1). Plate-
like crystals, space group C2, diffracted to 3.1 A and contained
two copies of D4—D6 in the asymmetric unit (supplemen-
tal Table 1), connected as a disulfide-linked dimer (Cys-395-
Cys-395). As dimerization is not observed in the two other crys-
tal structures reported here, we believe that this does not
represent a biological interaction. As expected, each domain
possesses the typical FNIII fold (27) (Fig. 1A, supple-
mental Fig. 34). In D5, we observe a disulfide bond linking
cysteines 436 and 444, as determined previously by mass spec-
trometry (28). The overall architecture of the three domains is
completely maintained in both crystal forms (Fig. 14), with
rm.s.d. for C_ atoms of the three different chains in the range
0.8-1.4A.

Overall Structure of the Entire Extracellular Region of gp130—
We also obtained crystals of the entire ectodomain of gp130
and were able to determine the structure by molecular replace-
ment using our 1.9 A structure of gp130 D4-D6 and the pub-
lished structure of the gp130 D2-D3 domains (11). This was
refined to 3.6 A resolution with R4, =0.329and R, = 0.261
(supplemental Table 1).

In the crystal structure, the ectodomain of gp130 adopts a
wide open “C” shape, consisting of six well ordered domains
(Fig. 1B). The orientation of D1 in the unliganded molecule is
slightly different from that of D1 in the viral IL-6:gp130 tet-
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ramer (9) and IL-6:IL-6Rargpl30 hexameric complex (11)
(supplemental Fig. 2), but the structure of D1 itself is essentially
unaltered (r.m.s.d. 1.0 A). This suggests that when D1 partici-
pates in complex formation, a degree of flexibility in the D1-D2
linker allows a small conformational change to occur, enabling
an oligomeric complex to assemble. The cytokine-binding
module (D2-D3) is almost identical to published structures of
this region with and without ligand (9-12) (r.m.s.d. 1.2 A), con-
firming the view that binding of different ligands to this
domain does not depend on conformational plasticity (12).
The configuration of domains observed in the D4 -D6 frag-
ment is maintained in the complete ectodomain structure
(r.m.s.d. 2.3 A).

Inter-FNIII Domain Interactions—The D1/D2 and D2/D3
inter-FNIII domain interactions of gp130 have been detailed in
published crystal structures (9—11). Here we focus on the pre-
viously unreported interfaces within the D3—-D6 segment.

The linking segment between D3 and D4 is short (Glu-301
and Asp-302). The interface includes hydrophobic interactions
between Pro-269 and Phe-270 of D3 and Asn-338 and Gly-339
of D4, respectively, and the linker region hydrogen-bonds to D4
through the backbone amide of Asp-302 and backbone car-
bonyl of Asn-338 (Fig. 1C). The interface has a limited total
buried surface area of 467 A2, suggesting that it may be flexible.
This region is involved in crystal-packing interactions in which
D3 and D5 clamp either side of D6 from a symmetry-related
molecule (supplemental Fig. 4A4), which may limit the move-
ment of the domains. However, a similar interdomain interface
is observed in other protein structures despite limited sequence
homology. Structures of integrin 4 (liganded (29) and unligan-
ded (30)) and type IIB receptor tyrosine phosphatase FNIII
domains 2 and 3 (31), (supplemental Fig. 4B) have a similar
buried surface area of ~460 A2 and align to D3—D4 with r.m.s.d.
values in the range 1.1-1.4 A, implying that this is a stable
conformation.

The most notable feature of our gpl30 structures is the
unique orientation of D4 and D5 with respect to each other,
which is observed in all crystal forms (Fig. 1, A and B). D4
connects to D5 by a five-residue linker, and the domains are
oriented such that they lie across each other at an angle of ~80°,
resulting in an acute bend in the structure. The largely hydro-
phobic interface observed between D4 and D5 (Fig. 1D) is
formed as a result of interactions between strands A, B, and G of
D4 (i.e. the edge of the B-sandwich) packing against strands C,
C’, and F of the four-strand sheet of D5, as well as FG loop (see
supplemental Fig. 3B for strand labeling). The interaction inter-
face is the most extensive within the gp130 molecule, with a
total buried surface area of 1110 A% The key component of this
interface is the burial of two tryptophan residues, one from D4
and one from D5, into hydrophobic regions on opposing
domains (Fig. 1D). Trp-311 (D4) is packed against a hydropho-
bic region created by Leu-392, Ile-432, Val-477, and Pro-482,
and Trp-448 (D5) is inserted into a hydrophobic pocket created
by Trp-311, Val-328, Lys-330, and Ile-432. A limited number of
direct polar contacts are also observed. The backbone carbonyl
and amide groups of Phe-310 (D4) hydrogen-bond with the side
chain of Lys-430 (D5) and the amide oxygen of Gln-450 (D5),
respectively. Lys-430 and GIn-450 side chains also interact with
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each other. Lys-330 e-NH, (D4) forms a salt bridge with the side
chain of Asp-447 (D5). The FG loop of D5 forms a type I B-turn
and, within this, the backbone carbonyl atom of Ala-479 forms
a hydrogen bond with the O, of Thr-393 in D4. It is interesting
to note that Trp-311, Lys-330, and Trp-448 are completely con-
served and Leu-392 and Ile-432 are identical or homologous
among the tall receptor family (Fig. 1D, supplemental Fig. 3B).
Other positions equivalent to those that contribute to the
hydrophobic interface are also largely conserved as hydropho-
bic residues. The particular orientation of FNIII domains seen
here has not been observed previously, but the size and hydro-
phobic nature of the interface suggest that it is rigid.

The D5/D6 interface (Fig. 1E) is stabilized by a network of
interactions, including polar contacts (Ser-439 and Gln-494 of
D5; Asp-523 and Asn-526 of D6) and hydrophobic interactions
between Tyr-491 of D5 and Phe-528 of D6 and Tyr-491 and the
backbone of residues 526 —528. The side chain of Asp-523 (D6)
interacts with the C-C' loop of D5 to tether it to D6. The total
buried surface area of 850 A2 at the D5/D6 interface is larger
than the buried surface of many other inter-FNIII domain
interfaces (32) and implies a relatively inflexible junction.

Structural Model of the IL-6:IL-6Rargp130 Hexameric Com-
plex and Fitting into Cryo-EM Map—To gain insight into the
conformation of the entire ectodomain within the context of a
signaling complex, we combined the new structures described
here with the published hexameric complex of IL-6:IL-
6Ra-gp130 (11), which contains only D1-D3 of gp130. We
overlaid the D2-D3 segment of gp130 within the hexamer with
that of our unliganded D1-D6 gp130 structure (r.m.s.d. 1.2 A).
The general form of the modeled hexameric complex is of a
pentagon (Fig. 2), in broad agreement with published electron
micrographs (5, 13, 14). The membrane-proximal apex is open,
with the C termini of the two gp130 molecules positioned to
enter the membrane ~65 A apart. We then proceeded to fit this
model into the only publicly available EM map of a gp130 com-
plex, that of IL-11-IL-11Ra-gp130 (EMD-1223 (14)), which is
structurally homologous to the IL-6:IL-6Rargp130 complex.
There is remarkable agreement between our model and the
published EM density (Fig. 2B), and the fit has a correlation
coefficient of 0.59. Despite the rigid interfaces observed in our
structure, one would expect a certain degree of flex for any
molecule of such extended geometry. As we have four inde-
pendent observations of D4-D6 (full-length D1-D6, the
orthorhombic crystal of D4-D6, and two in the monoclinic
crystal of D4-D6), we fitted these to the model by overlaying
D4 of the different D4 D6 structures with D4 of the D1-D6
structure within our original model. Although the same D4/D5
and D5/D6 interfaces are maintained in these four views (Fig. 1,
A and B), the intrinsic variability within the molecule is such
that extension of the model with these different forms results in
distances between the C termini of D6 between 65 and 30 A
(supplemental Fig. 5). The model in which the legs are 30 A
apart fits the EM map with a similar correlation coefficient of
0.61.

DISCUSSION

The distinguishing feature of the gp130 family of tall recep-
tors is that the cytokine-binding/membrane distal half links to
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FIGURE 2. Structural model of the extracellular IL-6-IL-6Ra-gp 130 hexam-
eric complex. A, gp130 D1-D6 was superimposed on the crystal structure of
the IL-6°IL-6Rargp130 D1-D3 hexameric complex (11) by aligning gp130
D2-D3 of the two structures. i, “front” view; ii, “side” views following 90° rota-
tion around the vertical axis of the front view shown in i. Green, IL-6; blue,
IL-6Ray; red, gp130 D1-D6. B, fitting of the model into the EM map of Mata-
deen et al. (14). i, front view; ii, side view.

the membrane via membrane-proximal FNIII domains,
D4-D6 in gp130. Mutagenesis studies have revealed a critical
role for this region in receptor activation (15-17), but structural
information on their disposition has been limited to low reso-
lution EM data. Consistent with our structures, all electron
micrographs proposed a C-shaped structure for gp130 in the
complexed form, allowing the C-terminal regions of the
ectodomains to come into close proximity, required for JAK
transactivation. Superimposing our models of the hexameric
IL-6:IL-6Rargp130 complex onto the cryo-EM map of Mata-
deen et al. (14) reveals that they have very similar dimensions,
indicating that the conformations of liganded and unliganded
gpl30 are similar, and importantly, that the bent shape
observed in the EM structures is not induced by ligand binding.
There are some obvious discrepancies between the speculative
fit of the legs in the low resolution EM studies and the detail of
the crystal structures described here. In both the IL-11-IL-
11Rargp130 and the gpl30-LIFR-*CNTFRaCNTF structures,
gp130 D4 -D6 (and the homologous domains D6 —D8 of LIFR)
are modeled in a “beads on a string” arrangement, with the bend
in the receptor required to form the C shape coming largely
from a bend between D3 and D4. However, our structure
reveals that the kink is not between D3 and D4, which are essen-
tially linear, but between D4 and D5. In the structure of IL-6-1L-
6Ra-gp130, the gp130 legs are modeled as asymmetrical, one
with the similar linear arrangement of D4 —D6 supposed in the
other EM structures and one with a distinct bend between D4
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and D5 (5). Although the authors commented that the asym-
metry observed may be a preparation artifact and postulated
the straight representation of the legs to be the more probable
orientation, our crystal structure indicates that the bent con-
formation they observe accurately reflects the conformation of
the signaling complex. They also present classes of molecule in
which the legs are both symmetrical and bent, which match our
model remarkably well (supplemental Fig. 5C).

The three key residues that maintain the D4/D5 interface,
Trp-311, Lys-330, and Trp-448, are completely conserved in
all members of the tall receptor family (Fig. 1D, supple-
mental Fig. 3B). Furthermore, positions equivalent to those that
contribute to the buried hydrophobic regions are also largely
conserved as hydrophobic residues. This implies that this inter-
face, and therefore the unique orientation of these FNIII
domains, is conserved throughout the tall receptor family. This
is supported by EM images of the gp130-LIFR"CNTFRa*CNTF
complex (13), in which both LIFR and gp130 adopt a very sim-
ilar bent conformation in the leg region consistent with a bend
between D4 and D5 (corresponding to D6 and D7 in LIFR).

The published EM models (5, 13, 14) show that the C termini
of the ectodomains are in close proximity but do not agree on a
common point of contact/crossover for the legs in the different
gp130 complexes. Given our hypothesis that the arrangement
of the legs will be similar across the entire family of tall recep-
tors, it would also imply a common orientation of the legs of
receptors with respect to each other within the signaling com-
plexes. Repeating the fitting of models into all the EM data
using our crystal structures will help clarify this.

Our model agrees with the paradigm that cytokine binding
brings the C-terminal extracellular domains of two gp130 mol-
ecules into close proximity but does not resolve whether gp130
receptors interact directly in their membrane-proximal
regions. Previous in vitro biochemical analyses using purified
individual D4, D5, and D6 suggested that there could be a low
affinity (K, > 5 uMm) interaction between D4 domains (33). Our
own work shows that even at concentrations of up to 250 um,
D4 -D6 is monomeric in solution (supplemental Fig. 6). Iso-
thermal titration calorimetry data presented by Boulanger et al.
(11) using the IL-6°IL-6Ra-gp130 complex also shows that there
is no gain in affinity of complex assembly when the legs
are present as compared with when they are absent, which we
interpret as indicating that there is no energetically favorable
interaction within this region. In addition, in the three crystal
forms, including one that is glycosylated, we do not see any
signaling-competent crystal contacts between two D5 and/or
D6 domains. Together this suggests that if an interaction occurs
between these regions, it must be of extremely low affinity and
induced by proximity.

There are reports that gp130 can exist as preformed inactive
homodimers or as heterodimers with LIFR in the absence of
ligand (34, 35). In the case of the erythropoietin receptor
(EpoR), ligand-independent oligomerization is mediated by the
transmembrane domain (36), and it is possible that any direct
interaction between gp130 molecules also occurs in this region.
Others have reported that binding of IL-6:IL-6R« induces dis-
ulfide-linked homodimerization of gp130 (37). According to
our model, disulfide bond formation would require substantial
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reorganization of gp130 if these were to form in the ectodo-
main; thus we suggest that a transmembrane or intracellular
interaction is more likely.

JAKs, which are constitutively associated with the intracellu-
lar juxtamembrane region of cytokine receptors, are large mol-
ecules (~1100 residues) containing four distinct globular
domains. It is therefore possible that two JAK molecules could
be close enough for transactivation without direct contact
between terminal FNIII domains of the tall receptors as long as
they are in reasonable proximity and in the correct orientation.
The distance between the C termini of D6 domains is ~30-65
A in our modeled complexes of the IL-6IL-6Ra-gp130 D1-D6
(Fig. 2, supplemental Fig. 5). The closest distance of 30 A is
comparable with that observed in the structure of the human
Epo-EpoR complex (38), which also signals through JAK.

Collectively, the large volume of biochemical and structural
studies on cytokine receptors has shown us that both proximity
and orientation of the cytoplasmic receptor-bound JAKs are
essential for receptor activation (see e.g. Refs. 39 and 40). The
gp130 structures presented here reveal that the acute bend
formed by D4 and D5 allows the ectodomain of gp130 to adopt
a Cshape, bringing the receptor complexes and their associated
JAKs close enough for signaling without the need for major
conformational change upon ligand binding. The unique con-
figuration of the D4/D5 interface, which is conserved through-
out the tall receptor family, predicts that this entire family may
assemble functional cell surface complexes through this mech-
anism. It is apparent, however, that high resolution structures
of full-length, liganded extracellular domains of complete
receptor complexes and the entire extracellular, transmem-
brane, and intracellular domains of the receptors bound to
JAKs will be required to further understand how cytokine-re-
ceptor assembly activates intracellular signaling processes. Our
current effort lies in this direction.
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