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Cytokines of the gp130 family exert their diverse bio-
logical effects by formation of stable high affinity
transmembrane receptor complexes that are charac-
terized by the presence of the shared transmembrane
signalling receptor gp130. Different gp130 ligands
form signalling complexes that vary in both com-
position and stoichiometry. Analysis of the three-
dimensional structure of selected ligands and receptor
elements indicates that ligands display three topologic-
ally conserved receptor recognition epitopes that
interact with complementary ligand recognition
elements. The composition of the signalling complex
and downstream biological responses is defined by the
relative affinity of different receptor components for
these epitopes. The detailed structure of receptor
recognition epitopes indicates that the generation of
small molecule cytokine mimetics may be a feasible
objective.
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Introduction

The formation of protein complexes is a central bio-
chemical mechanism in signal transduction and cell
regulation. This is epitomized by the interaction of
cytokine ligands with transmembrane signalling receptors.
The generation of a high affinity complex between a ligand
and its target receptors outside the cell is the initiating step
in the activation of signal transduction cascades inside the
cell. An issue of fundamental biological significance is the
biochemical specificity of this interaction. This dictates
both the identity and kinetics of the resulting signal
transduction processes and, accordingly, the associated
biological responses. Important insights into the bio-
chemical specificity of cytokine signalling have emerged
from examining the structural details of the interaction
between cytokines and their receptors. As a result, some
general principles of receptor activation have begun to
emerge. These ‘rules’ not only contribute to the general
understanding of protein—protein interactions but also
provide the basis for deliberate manipulation of cytokine
signalling. In this paper we review the current understand-
ing of ligand recognition by the cytokine superfamily of
receptors (reviewed by Cosman, 1993; Wells and De Vos,
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1996) with particular reference to ligands employing the
shared transmembrane receptor gp130 (Hibi et al., 1990;
reviewed by Taga and Kishimoto, 1997).

The cytokine family of receptors

The ‘cytokine’ superfamily of polypeptide regulators is
defined by shared structural features of both ligands and
receptors. The defining feature of cytokine ligands is the
presence of a shared protein fold, ‘the four-helix bundle’.
This consists of two pairs of anti-parallel o-helices
connected by polypeptide loops. Detailed structural
features further subdivide the family into three subsets
(Boulay and Paul, 1993; Sprang and Bazan, 1993). ‘Short
chain’ cytokines such as interleukins (IL)-2, -3 and -4 have
relatively short o-helices, typically 8-10 residues in
length. ‘Long chain’ cytokines such as growth hormone
(GH), erythropoietin (EPO), granulocyte colony stimulat-
ing factor (GCSF) and the ‘gpl130 cytokines’ discussed
below have longer helices, from 10 to 20 residues in
length. Finally, some cytokines, such as IL-5 (Milburn
et al., 1993) and interferon y (Walter et al., 1995), have
eight o-helices forming a duplicated version of a four-
helix bundle motif.

These ligands interact with receptors that share common
structural motifs in the extracellular region. The most
prominent is the cytokine receptor homology domain
(CHD), which consists of two seven-stranded -sandwich
motifs connected by a proline-rich linker sequence (Bazan,
1990). The first, N-terminal, motif contains a characteristic
pattern of cysteine residues that form inter-strand disulfide
bonds. The signature feature of the CHD is the conserved
amino acid sequence WSXWS in the second, C-terminal,
motif. This feature can be exploited in the cloning and
identification of novel cytokine family receptors (e.g.
Elson et al., 1998; Sprecher et al., 1998).

Intracellular signalling processes are initiated by
cytokine ligands forming a high affinity oligomeric
complex with transmembrane receptors. This leads to the
formation of a protein ‘signalling complex’ on the inside
of the membrane that may include src family kinases (e.g.
Ernst et al., 1994) as well as the JAK family of
cytoplasmic tyrosine kinases, which associate with the
cytoplasmic domain of the receptors, and the STAT family
of transcription factors (reviewed by Ihle et al., 1994; Ihle,
1996; Heinrich et al., 1998). An important feature of this
relationship is that individual JAK and STAT families
exhibit preferential affinity for different receptors. This
means that the composition of the ‘signalling complex’
and the particular repertoire of signals induced by receptor
oligomerization are dictated by the identity and com-
position of transmembrane receptors complexed by the
ligand. A central issue is, therefore, the molecular basis by
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Fig. 1. Ribbon representation of the X-ray structure of the complex between GH and the GHR (De Vos et al., 1992). Two molecules of GHR bind one
molecule of GH via sites I and II. The four o-helices of GH are colour coded: helix A, red; helix B, blue; helix C, purple; helix D, green.

which individual cytokines recognize receptors to cause
the formation of an active signalling complex.

Receptor homodimerization: the growth
hormone example

The pioneering study of the interaction between human
growth hormone (hGH) and the growth hormone receptor
(GHR) (De Vos et al., 1992; reviewed by Wells, 1996) has
provided important initial insights into the structural basis
of ‘long chain’ cytokine/receptor recognition. The crystal
structure of the hGH-GHR complex (De Vos et al., 1992)
reveals that a single molecule of hGH forms a homo-
dimeric receptor complex by simultaneously binding two
identical receptor subunits (Figure 1). Two discrete
regions of the ligand, site I (located in the fourth
a-helix) and site II (formed from regions in the first and
third helices), each bind a receptor molecule via inter-
action with the CHD. As a result of this simultaneous
interaction with two sites on the ligand (Cunningham et al.,
1991) the cytoplasmic domains of the receptor are brought
into close proximity and intracellular signalling processes
are induced.

Although large areas of protein surface are buried in
formation of the hGH-GHR receptor-ligand complex,
detailed mutagenesis and biophysical studies have shown
that the affinity of the interaction is dominated by a few
tightly clustered amino acid residues forming an energetic
‘hot spot’ (Clackson and Wells, 1995) in the centre of the
binding interface. The identity of the residues that
dominate the binding energy of a large protein—protein
interface has been termed the ‘functional epitope’
(Cunningham and Wells, 1993). The affinity of the
interaction (and hence biological specificity) is conse-
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quently defined by the structural complementarity of the
functional epitopes of ligand and receptor.

Detailed analysis of the functional epitopes comprising
the site I and site II interaction sites of hGH suggests a
shared design (Cunningham and Wells, 1989; reviewed by
Wells, 1996). The most significant residues, as defined by
the consequences of mutation to alanine, are hydrophobic
contacts involving either non-polar side chains such as
tryptophan, the aliphatic components of non-polar side
chains or the polypeptide backbone. The non-polar ‘core’
is surrounded by a halo of polar residues of lesser
importance for binding energy.

Kinetic studies of the hGH-GHR interaction indicate
that the primary role of the functional epitopes is to
stabilize protein—protein interaction by decreasing the
dissociation rate of the complex. These results have been
used to suggest (Wells, 1996) that the initial contact
between ligand and receptor is dominated by random
diffusion or ‘rolling’ of protein surfaces producing many
unstable contacts. The complex is then stabilized when the
functional epitopes of the receptor and ligand engage.

Combinatorial receptor complexes

The hGH example described above represents the simplest
case of protein complex formation in the cytokine receptor
system: a single ligand engages with a single class of
receptor. However, several cytokine family systems
exhibit greater complexity. These are combinatorial sys-
tems that involve multiple ligands and receptors that are
assembled to form signalling complexes with different
compositions. Typically these involve one, or more,
shared receptor components. Thus, IL-2, -4, -7 and -15
all associate with the common IL-2 receptor 7y (reviewed



Table I. The composition of gp130 cytokine receptor complexes

Ligand Site I Site 1T Site III

LIF? - gpl30 LIF-R

OSMP - gpl30 LIF-R/OSM-R
CNTF¢ CNTF-R gpl30 LIF-R

CT-14 ? gpl30 LIF-R

IL-6° IL-6R egpl30 gpl30

IL-11f IL-11R gpl130 gpl30
KSV-IL-6¢ IL-6R gpl130 gpl130
Rm-IL-6" IL-6R 2pl130 2pl130
CLC/NN-1i ? gpl130 LIF-R

aLeukemia inhibitory factor: murine (Gearing et al., 1987); human
(Gough et al., 1988).

bOncostatin M: human (Malik et al., 1989); murine (Yoshimura et al.,
1996).

¢Ciliary neurotrophic factor (Stockli et al., 1989).

dCardiotrophin-1 (Pennica et al., 1995).

¢Interleukin-6 (Hirano et al., 1986).

Interleukin-11 (Paul et al., 1990).

eKaposi sarcoma associated human herpes virus 8 interleukin-6 (Neipel
et al., 1997; Nicholas et al., 1997).

"Rhesus macaque rhadinovirus interleukin-6 (Kaleeba ef al., 1999).
iCardiotrophin-like cytokine/novel neurotrophin-1 (Senaldi et al., 1999;
Shi et al., 1999).

Receptor binding sites are based on published experimental data or
conservation of key residues in receptor binding epitopes. (?), the
identity of the receptor is currently uncertain.

by Kondo et al., 1993). GM-CSF, IL-5 and IL-3 all share
the common IL-3 B receptor (reviewed by Guthridge et al.,
1998). In this paper we consider a large family of ligands
that associate with the common transducing receptor
gpl30 (Hibi et al., 1990). These systems raise the
question: what is the molecular basis by which protein
complexes of different compositions can be formed from
shared elements?

gp130 cytokines

The gp130 system is a set of ligands and receptors that
elicits biological responses by the formation of oligomeric
signalling complexes that contain one or more copies of a
common transmembrane transducing receptor gpl30
(reviewed by Taga and Kishimoto, 1992, 1995). The
gp130 family of cytokines therefore exhibits a very wide
range of biological functions in vivo due both to the
diversity of receptor complexes that can be formed
and to developmental regulation of the components of
intracellular signalling pathways with which receptor
complexes engage. They can also exhibit common (or
‘redundant’) functions in vitro that are dependent upon
the signalling functions of the shared gpl130 receptor
(reviewed by Taga and Kishimoto, 1997).

There are currently nine cytokine ligands defined that
signal via formation of a receptor complex that contains
one, or more, molecules of gp130 (Table I). They are all
polypeptides of 180-200 amino acids that collectively
exhibit relatively low overall sequence homology (~20%).
In some cases homologues have been isolated from
different mammalian species that exhibit significant
differences in biological specificity (see below). To date,
gp130 cytokine homologues have not been identified in
vertebrate species such as fish or amphibians although a
sex pheromone protein from salamanders has recently

Receptor recognition by gp130 cytokines

LIF

Fig. 2. Ribbon representation of the crystal structures of IL-6 (Somers
et al., 1997) and LIF (Robinson et al., 1994). The four helices are
colour coded: helix A, red; helix B, blue; helix C, purple; helix D,
green.

been reported to exhibit sequence similarity to gpl130
cytokines (Rollmann et al., 1999). It is likely that the
currently defined gp130 cytokine family is not complete
and other family members may emerge from genome
sequencing efforts and other approaches.

The gp130 cytokine family collectively exhibits a very
broad range of biological activities in vivo (reviewed by
Taga and Kishimoto, 1997). The most important inform-
ation on their biological function derives from targeted
gene ablation studies (reviewed by Heinrich ef al., 1998).
These reveal that each member of the family that has been
studied yields a unique phenotype upon inactivation. For
example, ablation of IL-6 results in impairment of acute
phase and anti-viral responses (Kopf et al., 1994; Poli
et al., 1994), whereas deletion of ciliary neurotrophic
factor (CNTF) results in late-onset motor neuron degener-
ation (Masu et al., 1993) and deletion of the leukaemia
inhibitory factor (LIF) gene results in female infertility due
to failure of embryo implantation (Stewart et al., 1992;
Escary et al., 1993). These data imply that, despite the use
of overlapping receptor signalling components, each
cytokine has a characteristic repertoire of biological
functions in vivo.

The structure of gp130 cytokines has been the subject of
extensive experimental investigation. The tertiary struc-
tures of mouse and human LIF (Robinson et al., 1994,
Hinds er al., 1998), CNTF (McDonald et al., 1995), IL-6
(Somers et al., 1997; Xu et al., 1997) and oncostatin M
(OSM) (Hoffman et al., 1996; M.Deller, K.R.Hudson,
E.Y.Jones and J.K.Heath, in preparation) have been
defined by either X-ray crystallography or nuclear
magnetic resonance and, in some cases, by both tech-
niques. These studies reveal that each ligand exhibits the
predicted (Bazan, 1991) ‘long chain’ four-helix bundle
topology. This comprises four tightly packed o-helices
(termed A, B, C and D) ranging from 15 to 22 amino acids
in length. The helices are connected in an up-up-down-
down arrangement by three polypeptide loops (Figure 2).
The A-B and C-D loops are relatively long as they
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Fig. 3. The organization of protein modules in the extracellular
domains of gp130 family receptors (see Table I). The receptors are
generated from three modules: the cytokine receptor homology domain
(CHD), the 1G-like domain (IGD) and three copies of a fibronectin type
III repeat (FNIII). (A) gp130; (B) the LIF-R; (C) the OSM-R;

(D) soluble receptors (CNTF-R, IL-6R, IL-11R).

connect parallel helices whereas the B—C loop is shorter as
it connects a pair of antiparallel helices.

Closer inspection of the available structures and
comparison of NMR with crystallographic data reveal
differences and similarities between different family
members. First, the polypeptide loops connecting the
helices are most probably flexible in solution. They exhibit
different lengths and topologies in different molecules
and, in some cases, cannot be fully traced in the electron
density maps. Sequence alignments also suggest that the
inter-helical loops can also vary in length between
homologues from different species. A feature of diver-
gence between family members is the form of the A and D
helices. A comparison of IL-6 and LIF (Figure 2) reveals
that in IL-6 these helices are straight, whereas in LIF,
CNTF and hOSM they exhibit a marked kink in their
structure. This feature allows the gp130 cytokine family to
be split into two sub-classes: (i) the ‘straight’ ligands such
as IL-6 and (from modelling studies) IL-11; and (ii) the
viral IL-6 proteins and the ‘kinked’ ligands, which include
LIF, CNTF and hOSM, and (from modelling studies)
cardiotrophin-1 (CT-1) and cardiotrophin-like cytokine/
novel neurotrophin-1 (CLC/NN-1) (Table I). This diver-
gence in structure may, as discussed below, reflect a
functional difference in receptor recognition.

gp130 family receptors

The signalling functions of gp130 cytokines are executed
by association with a specific set of receptors (Figure 3).
These are of two varieties. The first are ‘signalling
receptors’: transmembrane proteins that have cytoplasmic
domains that engage with the intracellular JAK/STAT
signalling machinery. This class currently encompasses
gp130 itself (Hibi ef al., 1990), the LIF-receptor (LIF-R;
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Gearing et al., 1991; Tomida et al., 1994) and the OSM-
receptor (OSM-R; Mosley et al., 1996; Lindberg et al.,
1998). The second, ‘non-signalling’ class of receptors
interact with ligands but do not participate directly in
activation of intracellular signalling via association with
intracellular mediators. They either have abbreviated
cytoplasmic domains: IL-6R (Yamasaki et al., 1988) and
IL-11R (Hilton et al., 1994), or are linked to the external
face of the plasma membrane by a lipid anchor e.g.
CNTF-R (Davis et al., 1991). Non-signalling receptors
can, nevertheless, exert biological functions when added
to target cells in a soluble form (e.g. Karow et al., 1996).

Biological functions of gp130 family
receptors

The biological functions mediated by gpl30 family
receptors have also been analysed by the generation of
loss-of-function mutations in mice. These studies,
although currently incomplete, indicate that each
receptor mediates characteristic signalling processes.
Thus, ablation of gpl30 results in a complex fatal
phenotype including defects in cardiac function (Yoshida
etal., 1996; Betz et al., 1998; Hirota et al., 1999), whereas
inactivation of LIF-R results in a complex phenotype that
includes loss of motor neurons (Li et al., 1995; Ware et al.,
1995). Genetic inactivation of IL-11R results in female
sterility due to defective decidualization (Bilinski et al.,
1998; Robb et al., 1998). There is currently incomplete
concordance of phenotypes between ligand knockouts and
receptor knockouts e.g. CNTF (Masu et al., 1993) and
CNTF-R (DeChiara et al., 1995), which suggests that
further members of the gp130 family of receptors remain
to be discovered. Indeed there are indications that CT-1
may interact with a lipid-anchored non-signalling receptor
(Robledo et al., 1997) and several ‘orphan’ receptors with
strong sequence similarities to gpl130 family receptors
have recently been identified (e.g. Elson et al., 1998;
Sprecher et al., 1998).

Functional anatomy of gp130 receptors

The gp130 family of receptors can be considered essen-
tially modular in form (Figure 3). Three structural motifs
are combined to form the extracellular region. The
canonical CHD is found in all gp130 family receptors.
This occurs once in gpl30 and the three non-signalling
receptors. The LIF-R and OSM-R have two copies of the
CHD. The second motif is an ‘immunoglobulin-like
domain’ (IGD) that is found in all gp130 receptors. The
presence of the IGD distinguishes gp130 family receptors
from the hGH-R prototype. The IGD is always located at
the C-terminus of the most membrane-proximal CHD and,
as the name suggests, is predicted to comprise seven
B-strands linked by inter-strand loops. In the absence of
direct information, the possible structure of the IGDs can
be inferred from modelling studies (Horsten et al., 1997;
Simpson et al., 1997). These indicate that the IGD is
composed of seven short B-strands linked by solvent-
exposed loops of varying lengths. There is relatively poor
sequence conservation between the IGDs of different
receptors. Those residues that are conserved appear to be
located within regions of B-strand, indicative of a primary



Fig. 4. Ribbon representation of the crystal structure of the gp130 CHD
(Bravo et al., 1998). The locations of the two principal residues
involved in ligand recognition via site II are presented in ball-and-stick
format: Phe73 (red) and Tyr100 (blue). Residues are numbered
according to the crystal structure.

role in receptor structure. The third element of the
extracellular domain comprises multiple copies of seven-
stranded ‘fibronectin type III" (FNIII) motifs. Comparison
of these repeats to known structures of FNIII ‘strings’
(Huber et al., 1994) predicts that this region adopts an
extended rod-like structure. A significant feature of the
membrane-proximal FNIII repeat motifs is that they occur
in all the transmembrane signalling receptors but are
absent from the ‘non-signalling’ receptors. This indicates
that the FNIII domain may have some role in transmem-
brane signalling such as stabilization and/or orientation of
the transmembrane receptor dimers.

There is, as yet, no complete structure for any member
of the gp130 family of receptors. The second, C-terminal,
component of the gp130 CHD has been studied by NMR
(Kernebeck et al., 1999), and the complete CHD of the
common receptor gpl30 has been characterized by
crystallographic techniques (Bravo et al., 1998). This
structure (Figure 4) reveals a strong general similarity to
the CHD of the hGH, GCSF-R (Aritomi et al., 1999), IL-4
(Hage er al., 1999) and Epo-R receptors (Syed et al.,
1998). It is composed of two seven-stranded [-barrels
connected by a proline-rich linker at approximately right
angles. As a result of this configuration the inter-strand
loops are exposed at the ‘elbow’ between the two domains.
The principal point of divergence between current CHD
structures is the angle formed between the two B-barrel
domains, which results in subtle differences in the relative
exposure of inter-strand loops. There are many inter-
domain hydrogen bonds, indicating that the overall
structure of the gp130 CHD is relatively rigid and unlikely
to undergo major structural rearrangements upon ligand
engagement.

Receptor recognition by gp130 cytokines

A prominent unsolved issue is the relative orientation of
the three modules in the complete structure of the
extracellular domain of these receptors. It is likely that
the connection between the IGD and the C-terminal CHD
involves a right-angle turn. In all cases, the junction
between the IGD and CHD involves a proline-rich
sequence comparable to the region linking the two
components of the CHD. Taken together the existing
structural and modelling data suggest that the extracellular
domains of the gp130 receptors most closely resemble a
chain of varying numbers of seven-stranded B-sandwich
modules connected by linkers that impose specific turns
between individual modules. As will be discussed below,
an important consequence of these proposed turns is the
exposure of inter-strand loops that have the potential to
interact with ligands.

Ligand recognition

The gpl30 family of receptors collectively exhibits
differences in affinity for gp130 ligands that are absolutely
central to understanding their function. The preferences
for association with different gp130 receptors dictate the
composition of the signalling complex formed by an
individual ligand (Table I). The structural basis of these
differences is accordingly a central problem in defining the
specificity of signalling via gp130 cytokines.

These preferences fall into three categories. The first is
where a ligand binds to a receptor with high (typically
nano-molar) affinity: thus, hOSM binds to gp130, LIF
binds to LIF-R, IL-6 binds to IL-6R, IL-11 binds to IL-11R
and CNTF binds to CNTF-R. The second case is where a
ligand only binds to a receptor with high affinity when it is
bound to another receptor: thus, IL-6 binds gp130 with
high affinity in the presence of IL-6R, IL-11 binds gp130
when bound to IL-11R and CNTF binds gpl130 when
bound to CNTF-R. In each of these cases a receptor of the
non-signalling class is required to enable the interaction
with gp130. As a result the formation of the high affinity
signalling complex is dominated by the interaction
between the ligand and a non-signalling receptor.

The third form of preference involves the case in which
species differences exist between homologous ligands in
their ability to bind receptors. For example, human OSM
can bind both the human LIF-R and OSM-R, whereas
murine OSM binds the murine OSM-R but not LIF-R
(Ichihara et al., 1997). In a similar fashion, murine LIF
binds the murine LIF-R with high affinity and the human
LIF-R with low affinity (Owczarek et al., 1993; Layton
et al., 1994; Robinson et al., 1994). This preference has
proved useful for defining the sites of interaction between
ligands and receptors and needs to be taken into account
when analysing the activity of ligands between species
(e.g. Clegg et al., 1996).

Receptor recognition epitopes in ligands

The availability of high resolution structural information,
combined with predictions from molecular modelling, has
allowed the detailed definition by site-directed muta-
genesis of the functional epitopes of gpl30 cytokines
involved in receptor recognition. These data reveal an
important departure from the classic ‘two site’ models
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defined above. gp130 cytokines have three topologically
discrete sites of interaction with receptors (Inoue et al.,
1995; Paonessa et al., 1995; Di Marco et al., 1996; Hudson
et al., 1996; Barton et al., 1999). The first two sites, site I
and site II, are analogous in location to their hGH
counterparts: site I is located at the end of the D helix
and site II is composed of residues in the A and C helices.
However, a defining feature of the gp130 family is the
existence of an additional interaction epitope, site III,
which is located at the N-terminal tip of the D helix.

Matching the three interaction epitopes for each
cytokine with the cognate receptor (Table I) reveals a
combinatorial pattern of receptor engagement in which
some key themes become apparent. Site I, if used, is
always engaged by a non-signalling receptor: IL-6R,
IL-11R or CNTF-R. Site II is always engaged by gp130.
Site IIT is always occupied by a second signalling receptor:
gp130, LIF-R or OSM-R, depending upon the identity of
the ligand. This pattern represents an important departure
in that signalling receptors in this system engage via
sites II and III rather than sites I and II of the hGH
prototype. Combining this information with the ‘prefer-
ences’ described above leads to a further rule. The
association with signalling receptors via site III is
always relatively high affinity. The association with non-
signalling receptor via site I is also of relatively high
affinity whereas the association with ligands with site II
may be either high affinity or low affinity depending upon
the requirement for a non-signalling receptor bound to
site I. The use of a non-signalling receptor by some ligands
therefore compensates for the absence of a high affinity
site I gpl130 binding site. It seems very likely that
ligand-dependent formation of the complex between non-
signalling receptors and gp130 involves the formation of
a receptor—receptor interface, since the introduction of
mutations into the C-terminal half of the CHD of the IL-6R
inhibits IL-6 signalling without affecting ligand binding
(Yawata et al., 1993; Salvati et al., 1995).

This three-site design has a further twist: in some cases,
such as IL-6 and IL-11, gp130 binds to two different
regions of the ligand, whereas in other cases, such as LIF,
CNTF and OSM, gp130 only binds one site. If (as indeed
proves to be the case) the interaction between gp130 and
sites II and III involves physically distinct regions of the
receptor, it follows that different classes of higher order
complexes can be formed by different ligands. In particu-
lar, it would be predicted (Figure 5) that ligands which
bind two copies of gp130 will form a hexameric complex
comprising two copies of gp130, two copies of ligand and
(where appropriate) two copies of the cognate non-
signalling receptor. Ligands that bind a single copy of
gpl30 are predicted (Figure 5) to form a ‘trimeric’
complex composed of one copy of gpl30, one copy of
ligand, one copy of the second signalling receptor (LIF-R
or OSM-R) and, where appropriate, one copy of a non-
signalling receptor. The existence of these two different
types of higher order complexes has been confirmed by
studies of the stoichiometry and composition of receptor
ligand complexes in solution (Ward et al., 1994; De Serio
et al., 1995; Paonessa et al., 1995; Zhang et al., 1997).

The employment of three distinct receptor binding sites
by ligands of the gp130 family therefore results in two
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Fig. 5. Schematic representation of the differing compositions and
stoichiometries of cytokine receptor complexes. The transmembrane
domains of ‘signalling receptors’ are indicated by the presence of
hatched circles. This shows that the relative orientation of signalling
receptors may differ between the ‘dimeric’ type of complex (A) and
the higher order complexes (B), (C) and (D). Ligand recognition
epitopes are numbered as in Table 1. (A) Two receptors/one ligand
illustrated by the GH-GHR prototype (Figure 1). In this case, sites I
and II are occupied by signalling receptor. (B) Two receptors/one
ligand illustrated by the LIF-LIF-R—gp130 and OSM-OSM-R-gp130
complexes. In this case, sites II and III are occupied by signalling
receptors. gp130 occupies site II. (C) Three receptors/one ligand
illustrated by the predicted CNTF complex. The non-signalling
CNTEF-R binds via site I of the ligand, gp130 binds via site II and
LIF-R binds via site III. (D) Four receptors/two ligands (*hexameric
complexes’) illustrated by the predicted IL-11R—gp130-IL-11 and
IL-6R—gp130-IL-6 complexes. In this case, one molecule of gp130
simultaneously binds two molecules of ligand. Site II binding is
mediated by the CHD and site III binding is mediated by the IGD
(hatched). The non-signalling receptor binds site I. As a result of two
molecules of gp130 binding ligand there are two molecules of ligand in
the complex.

types of complexes: those that differ in composition and
those that differ in stoichiometry.

Structure of the functional epitopes of
ligands

The availability of high resolution structural data com-
bined with functional analysis of receptor recognition
epitopes by mutagenesis studies leads to the definition of
the structural features involved in receptor recognition by
the gp130 family of cytokines. This reveals that receptor
interaction, like the hGH model, involves a recognition
‘hot spot’ that is dominated by a small number of amino
acid residues located close together in space. Thus,
mutagenesis of LIF (Hudson et al., 1996) and OSM
(K.R.Hudson and J.K.Heath, unpublished) has shown that
the interaction with gp130 via site II involves a small
cluster of residues in the A and C helices (Figure 6). This
functional epitope is dominated by a conserved glycine
residue that, as a consequence of the absence of a side
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Fig. 6. High resolution structure of the site II and site III receptor
recognition epitopes of LIF. The location of the four helices is
indicated as in the ribbon diagram of Figure 2. The definition of the
principal components of the functional receptor recognition epitopes is
derived from the mutagenesis data of Hudson et al. (1996). Site II is
composed of residues in the A and C helices (Q29, G124 and N128).
Site IIT is composed of F156 and K159.

chain, forms a hydrophobic concavity in helix C with the
C, backbone. The neighbouring asparagine residue is
exposed at the next turn of the o-helix. Members of the

Receptor recognition by gp130 cytokines

gp130 cytokine family that do not interact with gp130 with
high affinity alone, and require a non-signalling receptor,
such as CNTF, do not show conservation of residues in the
site II epitope.

Site IIT in LIF, OSM and CNTF (all of which interact
with LIF-R) is dominated by two residues (Di Marco et al.,
1996; Hudson et al., 1996): a conserved solvent-exposed
phenylalanine and an adjacent arginine (Figure 6). Parallel
mutagenesis studies of IL-6 and IL-11, which interact with
gpl130 via site III (Paonessa et al., 1995; Barton et al.,
1999), reveal a similar arrangement of a solvent-exposed
hydrophobic residue (in this case tryptophan) and an
adjacent basic residue (in this case arginine). These
findings strongly indicate that, as with hGH, the specificity
of receptor recognition is dictated by the identity of a
relatively small number of amino acids that share common
chemical features.

Site I residues involved in the interaction with non-
signalling receptors have been defined for IL-6 (reviewed
by Simpson et al., 1997) and IL-11 (Barton et al., 1999). In
both cases the dominating feature is an arginine residue
located towards the end of the D helix. A potential
prototype for the arrangement of the site I interaction has
recently been provided by the high resolution crystal
structure of the short chain cytokine IL-4 bound to the
specific high affinity cytokine receptor IL-4R o (Hage
et al., 1999). This reveals that the functional epitope
involved in the contact between ligand and receptor is
formed from a mosaic of three clusters of trans-interacting
residues. These ‘avocado’ clusters are composed of a core
of polar residues surrounded by an outer region of residues
with hydrophobic character. The centre of this cluster
includes a prominent arginine residue in the ligand, which
forms a salt bridge with an aspartate residue in the
N-terminal half of the CHD of IL-4R o. This configuration
is the inverse of the site II form described above.

Ligand recognition epitopes in receptors

The availability of the three-dimensional structure of the
gpl30 CHD has allowed the complementary gpl30
recognition epitope for site II in ligands to be defined by
mutagenesis (Horsten et al., 1997). These studies reveal
that the interaction with site II is also dominated by a small
number of physically adjacent residues. In particular,
mutation of the prominent solvent-exposed phenylanine
and tyrosine in the N-terminal module (Figure 4) elicits a
significant loss of affinity for ligands that interact with
gp130 with high affinity such as LIF and OSM and IL-6—
IL-6R complexes. Comparison of these findings with the
well defined site II interaction of hGH and GHR (reviewed
by Wells, 1996) suggests that the site II interaction in both
cases may exhibit strong conservation in which a prom-
inent non-polar residue from the CHD of the receptor
interacts with a hydrophobic cleft in the C helix of the
ligand formed from the polypeptide backbone. This
interaction is stabilized by further interactions between
residues in the ‘halo’ of the functional epitope as defined
by Wells and colleagues (reviewed by Wells, 1996). It is
interesting to note that a non-polar residue is found in the
equivalent position of the N-terminal module of the CHD
in virtually every cytokine family receptor known. This
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implies that the hGH model may provide a precedent for
the entire spectrum of site II CHD ligand interactions.

The feature of the gp130 system that is so far unique is
the existence of the site III receptor binding epitope that
interacts with a second signalling receptor in the complex.
The site III binding epitope of gp130 proves to be located
in the IGD. This has been demonstrated by analysis of the
interaction of gp130 mutants in which the IGD has been
deleted (Hammacher et al., 1998; Kurth et al., 1999;
Moritz et al., 1999). These mutants exhibit impaired
signalling functions in the presence of IL-6-IL-6R but
retain the ability to interact with LIF and IL-6-IL-6R with
high affinity. In addition, a monoclonal antibody that
exhibits the ability to block responses mediated by IL-6—
IL-6R, but not LIF or OSM, binds to an epitope located in
the IGD of gp130 (Liautard et al., 1997).

Similar data show that the recognition site for ligands
that interact with LIF-R via site III also lies in the IGD of
LIF-R. Analysis of a series of chimeric receptors con-
structed between mouse and human LIF-R (which differ in
their ligand recognition properties) reveals that the major
determinant for species-specific recognition of LIF lies in
the IGD of LIF-R (Owczarek et al., 1997). A point
mutation in LIF-R that blocks LIF-R binding is also
located in the IGD of LIF-R (Taupin et al., 1999). Alanine-
scanning mutagenesis of the IGD of LIF-R has revealed a
short sequence, thought to be located in a putative inter-
strand loop, which is required for the binding of OSM to
LIF-R (K.Chobotova, K.R.Hudson and J.K.Heath, manu-
script submitted). The same region also contains a
recognition epitope for a monoclonal antibody that inhibits
signalling mediated via LIF-R (Pitard et al., 1997).
Finally, it has proved possible experimentally to convert
a site III gp130 recognition epitope into a site III LIF-R
recognition epitope by exchange of residues in the site III
region (Kallen er al., 1999). This result indicates that the
site III recognition sites in gp130 and LIF-R are function-
ally analogous but exhibit preferences for different
ligands. This is supported by the finding that OSM can
interact with the IGD of gp130 with low affinity in solution
(Staunton et al., 1998).

Collectively these results show that the IGD of
signalling receptors of the gpl130 family is involved in
binding ligands through the site III recognition motif. At
the present time there is no direct information on the three-
dimensional structure of any gpl130 family IGD or, of
equal significance, of the structural interrelationship
between the IGD and the following CHD. These structures
are important goals of future research. As described above,
however, it seems likely that there is a bend or turn in the
region linking the IGD and CHD. It is also interesting that
the site III recognition motif of gpl130 ligands is, in
structural terms, very similar to the site II recognition
motif of the gpl30 receptor. This suggests that the
interaction of site III with the IGD of signalling receptors
may involve the characteristic exposed non-polar site I1I
residue of the ligand associating with a hydrophobic patch
or cleft in the receptor.

The final significance of the identification of the IGD as
a prominent recognition element is that it means that
gp130 has two ligand recognition motifs: site II elements
in the CHD and site III elements in the IGD. Thus, gp130
has the ability to bind simultaneously two molecules of
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ligand where the LIF-R can only bind one. This difference
between the two signalling receptors is the central
distinction between the hexameric and trimeric modes of
signalling complex formation described above.

Conformations of signalling receptors

The principal doctrine of ligand-mediated receptor activ-
ation is that the function of ligand is to dimerize two
transmembrane receptors. The consequent association of
the intracellular domains activates intracellular signalling.
But, ‘do the intracellular domains care how the extra-
cellular domains are brought together by the cytokine?’
(Ballinger and Wells, 1998). In other words, is the
elaborate architecture of extracellular signalling com-
plexes merely a means to bring receptors into close
proximity or is a specific orientation imposed upon the
interacting cytoplasmic domains as a result of extracellular
complex formation?

At first sight it would appear that there is abundant
evidence that receptor dimerization is sufficient to elicit
intracellular signalling. It has been shown many times that
the extracellular and intracellular domains of cytokine
family receptors are interchangeable between related
receptors. Thus, chimeras between the gp130 intracellular
domain and the extracellular domain of the GCSF-R can
emulate many gpl30-dependent signalling events in the
presence of GCSF (e.g. Niwa et al., 1998). Extensive
studies with the EPO-R, and other receptors, have shown
that a variety of different strategies for eliciting receptor
dimerization can result in activation of intracellular
signalling (Qui et al., 1998).

This idea has recently been challenged by the crystal
structures of the extracellular domain of the EPO-R bound
either to EPO or two different EPO-mimetic peptides that
exhibit either agonist or antagonist activity in biological
assays (Livnah et al., 1996, 1999). These structures reveal
a structure—activity relationship in which all three ligands
bind two molecules of EPO-R. However, the two EPO-
mimetic peptides formed complexes in which interrecep-
tor orientation differed from that of the authentic EPO
ligand (Syed et al., 1998). This is predicted to result in an
increased physical separation of receptors at the interface
with the plasma membrane. The largest departure from the
conformation of the native EPO-EPO-R complex was
observed with the agonist peptide, whereas the antagon-
istic peptide formed a complex of intermediate orientation.
This indicates that ‘inactive’ conformations of receptor
dimers might exist.

This idea has been given further support from a study
(Remy et al., 1999) in which varying lengths of flexible
amino acid linker sequence have been introduced into the
EPO-R between the transmembrane domain and two
complementary fragments of the enzyme dihydrofolate
reductase (DHFR) as a ‘proximity reporter’. In this
experimental design, DHFR activity is reconstituted if
the two fragments are brought into close physical
proximity. It was found that insertion of short (5-10
amino acid) linkers only permitted reconstitution of DHFR
activity in the presence of ligand whereas long (30 amino
acid) linkers were able to reconstitute DHFR activity in the
absence of ligands. Moreover, fusion of the DHFR
reporters to JAK kinase resulted in activation of DHFR



activity in the presence of EPO and full-length EPO-R.
These findings indicate that the function of the normal
EPO ligands is to bring receptor cytoplasmic domains into
close vicinity upon association with the receptor and, in
the absence of ligand, the receptor cytoplasmic domains
are separated by a distance equal to the 30 amino acid
linker. A corollary of this proposal is that the cytoplasmic
domains of cytokine receptors do not interact directly in
the absence of ligand. This result shows that dimerization
can be necessary, but not sufficient, to induce receptor
activation, and that receptors may form non-signalling
dimers in the absence of ligand.

Another way of looking at this problem would be to say
that signalling receptors can form different types of
complexes that can be either competent or incompetent
to engage the intracellular signalling machinery. This idea
has been applied to the gp130 system by Grotzinger et al.
(1999), who have proposed, on the basis of modelling
studies, that the formation of the hexameric IL-6-1L-11
signalling complex proceeds from a tetrameric complex
with two gpl30 molecules to a hexameric complex
involving the addition of another subunit of IL-6-IL-6R.
The hexameric complex is completed in this model by the
addition of a second IL-6-IL-6R subunit. An important
feature of this model is the proposal that the ‘relative
position of the two gp130 molecules’ in the tetrameric
complex is different from that of the hexameric complex
and this feature is associated with signalling activity. In
particular, it is proposed that the tetrameric, but not the
hexameric, conformation represents the active signalling
complex. This would predict that high concentrations of
ligand (which should favour the hexameric form) should
inhibit signalling, leading to ‘bell-shaped’ dose response
curves. This latter prediction is certainly not seen in at
least some manifestations of homodimeric gp130 signall-
ing (e.g. Karow et al., 1996). In addition, studies of the
formation of complexes derived from non-signalling
ectodomains in solution indicate that the hexameric
complex is formed by means of an unstable trimeric
intermediate (Ward et al., 1996). It is unlikely that this
model can be decisively tested until some means are
devised to visualize the composition of active signalling
complexes in live cells.

An alternative representation of the mechanism of
receptor activation has been outlined by Ballinger and
Wells (1998). This emphasizes kinetic aspects of receptor
complex formation and proposes that activation of
signalling requires a prolonged period of receptor
dimerization that consequently requires the formation of
a stable receptor complex. In this view many receptor
conformations may exist but only stable complexes will
result in signal activation. Based upon the detailed
understanding of the mechanisms of ligand engagement
described above, this model proposes that signalling is
determined by the rate at which receptor complexes
dissociate. In the presence of ligand, receptors are ‘locked’
into a complex that is sufficiently stable to engage the
signal transduction machinery. This would indicate that
the crystal structure of the antagonist EPO peptidomimetic
complexed to receptor has captured an essentially unstable
form of the receptor complex. In this light it is notable that
virtually all artificial mechanisms of eliciting receptor
dimerization, such as the introduction of interreceptor
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covalent bonds, result in the formation of highly stable
receptor dimers. This model also accounts for the observ-
ation that every mutation that modifies receptor complex
stability has a concomitant effect on intracellular signall-
ing and biological activity. Indeed it is this very mechan-
ism that lies behind the development of ligands with
altered functionality, as discussed below. This model is
also open to decisive experimental testing in that it
predicts that it is impossible to activate signalling by
reducing the stability of receptor complexes.

Altered ligands and the prospect for
therapy

As discussed above, one reason for seeking to understand
the structural features of cytokine—receptor interactions is
to use the information gained to devise means of
intervening in cytokine signalling pathways. These inter-
vention methods can take two forms: the derivation of
mutant proteins with altered functionality and the identi-
fication of chemical compounds that interact with either
ligands or receptors.

Mutant proteins

Based upon the preceding analysis three strategies can be
proposed to develop mutant ligands whose biological
activities are different from ‘wild-type’ ligands. The first
would be to make mutants that are defective in their
ability to bind specific signalling receptor components.
In principle, these mutants would exhibit ‘dominant-
negative’ or antagonistic biological properties since they
would be predicted to form ‘sterile’ complexes that lack an
essential signalling component. In reality, the practical
utility of such mutants is dependent upon the affinity of the
site that is destroyed, since any mutant ligand has to retain
the ability to form a stable receptor complex in order to
compete effectively with wild-type ligands. In the case of
LIF, an effective antagonist has been generated by
mutation of site II residues involved in gp130 recognition.
This yields a protein that is still able to bind LIF-R with
high affinity and therefore has the ability to antagonize
biological effects that are mediated by known, or
unknown, cytokines that associate with LIF-R (Wollert
et al., 1996; Vernallis et al., 1997). Similarly, mutants of
IL-6 that are defective in binding gp130 via site III are able
to antagonize signalling mediated by IL-6-IL6R com-
plexes (Brakenhoff et al., 1994; Demartis et al., 1996;
Renne et al., 1998).

The second strategy involves the opposite approach: in
this case mutations are generated that increase the affinity
of interaction with specific signalling receptors. These
molecules would be expected to exhibit ‘super-agonist’
activity with increased potency compared with their wild-
type counterparts. This method has been employed with
some success for IL-6, where the selection of mutants with
enhanced affinity for gp130 has been generated, either by
selection for high affinity binding using ligands subjected
to random mutation in site II or site III residues, or by
covalent fusion of the ligand to IL-6R using a flexible
linker (Savino et al., 1994; Cabibbo et al., 1995; Toniatti
et al., 1996; Fischer et al., 1997; Pflanz et al., 1999).
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The third approach involves generating ligands that
exhibit qualitatively distinct biological specificity com-
pared with their wild-type progenitors. In principle, this
can be achieved by altering the identity of a receptor
bound at a particular site. This approach has so far been
confined to exchanging biological specificities between
related cytokines. Thus, Kallen ez al. (1999) exchanged the
site III epitope of IL-6 for its CNTF counterpart. This
hybrid molecule acquired a requirement for LIF-R to
activate signalling. An interesting extension of this idea
would be to alter the repertoire of signalling receptors so
that entirely novel signalling complexes are generated. It is
possible to imagine, for example, the generation of
mutants in which the association with gp130 is substituted
for that of a closely related receptor such as GCSF-R. This
class of mutant is predicted to exhibit different biological
specificities to the parent ligands as a result of the
formation of novel receptor complexes. A second example
would be a case where site I, which is usually occupied by
non-signalling receptors, was modified to be occupied by a
second signalling receptor.

Small molecules

It has generally been thought that protein—protein inter-
actions of the type involved in cytokine receptor signalling
would represent poor targets for the development of small
molecule agonists and antagonists. This belief largely
derives from consideration of the large interfaces formed
on the formation of a complex. However, as described
above, extensive structure—function studies have shown
that in many, if not all cases, the affinity of the complex is
dominated by the identity of a few key residues in the
ligand and receptor. This suggests that the production of
small molecule mimetics of cytokines should be possible.
Such mimetics could either bind to, or emulate, a specific
functional epitope. Significant progress has been made by
screening compound libraries for chemical entities that
can activate receptor signalling. Compounds have recently
been identified that can act as agonists or antagonists of
GCSF-R (Tian et al., 1998) and EPO-R signalling
(Qureshi et al., 1999). Notably, in the latter study a
chemical antagonist was converted into an agonist by
oligomerization. This finding is in accord with what might
be predicted from the behaviour of bona fide polypeptide
ligands and indicates that more sophisticated chemical
mimetics might be generated from dendromeric com-
pounds containing different functional groups. Despite
these promising beginnings some important obstacles
remain. The current generation of compounds exhibits
greatly reduced potency compared with their natural
protein partners. Moreover, as described above, it is not
clear whether truly effective chemical mimetics of
cytokine signalling would need to elicit specific changes
in the conformation of receptor complexes as well as
merely bind appropriate partners.

Conclusions

The gp130 cytokines are an example of a family of ligands
that employ a combinatorial mechanism of receptor
engagement to achieve biological specificity and diversity
of function. The central feature of their mechanism of
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action is the use of a common transmembrane transducing
receptor gp130. The accumulated evidence indicates that
the diversity of gpl30-dependent receptor signalling
complexes produced by the engagement of different
ligands involves simple structural rules. Each ligand
displays three stereotypical binding sites, or epitopes,
with differential affinities for cognate receptors. Receptors
display single or multiple corresponding ligand recogni-
tion sites, which results in the formation of signalling
complexes that can differ in both composition and
stoichiometry. Receptor recognition epitopes involve a
small number of key solvent-exposed residues that may
provide a target for the generation of small molecule
cytokine mimetics.
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