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line stripe and longitudinal columns are
formed. By contrast, in midbrain develop-
ment, SHH expression fans out from the ven-
tral midline, and arcuate territories in register
with the morphogen source are the result.
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Structure of an Extracellular
gp130 Cytokine Receptor
Signaling Complex

Dar-chone Chow," Xiao-lin He," Andrew L. Snow,
Stefan Rose-John,? K. Christopher Garcia'*

The activation of gp130, a shared signal-transducing receptor for a family of
cytokines, is initiated by recognition of ligand followed by oligomerization into
a higher order signaling complex. Kaposi's sarcoma-associated herpesvirus
encodes a functional homolog of human interleukin-6 (IL-6) that activates
human gp130. In the 2.4 angstrom crystal structure of the extracellular sig-
naling assembly between viral IL-6 and human gp130, two complexes are
cross-linked into a tetramer through direct interactions between the immu-
noglobulin domain of gp130 and site Il of viral IL-6, which is necessary for
receptor activation. Unlike human IL-6 (which uses many hydrophilic residues),
the viral cytokine largely uses hydrophobic amino acids to contact gp130, which
enhances the complementarity of the viral IL-6—gp130 binding interfaces. The
cross-reactivity of gp130 is apparently due to a chemical plasticity evident in
the amphipathic gp130 cytokine-binding sites.

In vertebrates, gp130 is a shared signal-trans-
ducing receptor for a family of cytokines,
including IL-6, herpesvirus IL-6 (VIL-6), IL-
11, ciliary neurotrophic factor (CNTF), car-
diotrophin (CT-1), leukemia inhibitory factor
(LIF), oncostatin (OSM), and NNT-1/BSF3,
which mediate a wide variety of both over-
lapping and unique biological responses in
vivo (1—4). The activities of gp130 cytokines
are mediated through formation of oligomeric
complexes containing one or more copies of
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gp130, which leads to intracellular activation
of Src and Janus tyrosine kinases and of the
STAT family of transcription factors (3, 5, 6).
Cytokines that activate gpl30 share a
common, four-helix bundle fold (7, 8). En-
gagement of gp130 occurs through three con-
served receptor-binding epitopes on the cyto-
kines, the third of which is unique to gp130
cytokines (9-13). By analogy to other hema-
topoietic cytokine receptors, gpl30 is pre-
sumed to recognize ligand through its cyto-
kine-binding homology region (CHR), locat-
ed at domains 2 and 3 (D2D3) (8, 11-14).
However, gp130 uniquely requires an addi-
tional NH,-terminal (D1) immunoglobulin
(Ig)-like activation domain (JGD) in order to
be functionally responsive to cytokine (15).
Hematopoietic receptors such as human
growth hormone (hGH) exhibit a simple ac-
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tivation model characterized by the ho-
modimerization of two receptors by one cy-
tokine molecule via binding sites [ and II (16,
17). In contrast, for gp130, “recognition” and
“activation” complexes are disparate hetero-
oligomeric species that are formed in a step-
wise fashion (/7-13, 18, 19). IL-6, the most
extensively studied of the gp130 cytokines,
cannot bind gpl30 unless it first forms a
complex with a specific a receptor (termed
IL-6Ra, hereafter simply Ra) through a “site
I” epitope (3). This binary IL-6-Ra complex
forms a composite epitope, termed “site 11,”
which interacts with the CHR of gpl30
(D2D3 domains) to form a trimolecular (1:1:
1) recognition complex, which is not compe-
tent for signaling. A transition to a higher
order signaling assembly requires recruitment
of the site III epitope and IGD into the rec-
ognition complex to form the higher order
activation complex (10, 15, 20, 21). Although
the topology of the activated assembly re-
mains unknown, functional studies indicate
that IL-6 and IL-11 signaling complexes are
“hexamers” containing two copies each of
cytokine, Ra, and gp130 (2:2:2) (18, 22, 23).
Because the functional epitopes (sites [, 1I,
and 11I) of all gp130 cytokines are in similar
locations, it is likely that each signaling as-
sembly will be constructed from a common
oligomeric template.

Kaposi’s sarcoma-—associated herpesvirus
(KSHV, or HHVS) is a recently discovered
y-herpesvirus that is a likely causative factor
for the development of acquired immunode-
ficiency syndrome-related Kaposi's sarcoma
(KS), as well as other neoplastic diseases
associated with KS (24). KSHV encodes a
functional homolog of interleukin-6 (termed
vIL-6, 25% sequence homology) that is ex-
pressed in KS-infected cells and is able to
induce angiogenesis and hematopoiesis in IL-
6—dependent cell lines (25, 26). vIL-6 direct-
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ly activates gpl130 on cells without the re-
quirement for an a-receptor (26). Nonethe-
less, vIL-6 activation of gp130 initiates sim-
ilar acute-phase responses and downstream
signaling cascades (27). Therefore, vIL-6 is
potentially a paracrine growth factor in bone
marrow, suggesting a molecular mimicry in
the oncogenesis of some lymphoproliferative
disorders.

Here, we describe the crystal structure of
KSHV IL-6 in complex with an extracellular
fragment (D1D2D3) of human gp130 at 2.4
A. This complex clarifies the structural roles
of the activation epitope (site III) on the
cytokine and the activation domain (IGD) on
gpl130, as well as the architecture of the
higher order, extracellular signaling assem-
bly. The tetrameric vIL-6—gp130 complex
provides a structural template to model the
hexameric extracellular signaling assemblies
for other members of the gpl130 cytokine
family. This structure also elucidates a basis
for molecular mimicry of a human cytokine
by a viral homolog, and reveals the unique
characteristics of gp130 that enable its exten-
sive cross-reactivity with a diverse set of
cytokines.

We coexpressed a soluble tetrameric com-
plex (2:2) of vIL-6 and the three NH,-terminal
domains (D1D2D3) of human gpl30, repre-
senting the CHR (D2D3) plus IGD (Dl), in
insect cells (molecular mass 126 kD) (28). Us-
ing identical methods, we coexpressed a hex-
americ human IL-6 (hulL-6)-Ra—gp130 com-
plex, which exhibited a 2:2:2 stoichiometry
(mass 193 kD), indicating that the difference
between the viral and human assemblies is the
presence of the two Ra in the human complex

Fig. 1. Electron density in the site Il interface
of the vIL-6-gp130 complex. Viral IL-6 is in
yellow and the gp130 D1 domain is in red. At
the center of the map is vIL-6 Trp'4, which is
at the core of the site Ill interface. The 3-sheet
strands of the gp130 D1 (F and G strands) are
labeled in red. The electron density map is a

SIGMAA-weighted 2F,, ~ F_,. map at 2.4 A
contoured at 1.20 and displayed with the pro-
gram O (45).
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(28). Hence, the Ra independence of vIL-6,
previously demonstrated in cellular experi-
ments (26), is recapitulated with our soluble
molecules. Crystallization of a nonglycosylated
form of the viral complex resulted in crystals
from which a complete x-ray data set to 2.4 A
was collected and the structure was determined
(Fig. 1 and Table 1) (29). The crystals are space
group C,, and the complex twofold axis is
coincident with a crystallographic axis (Fig. 2).

The complex assumes a tetrameric ar-
rangement of two vIL-6 molecules and two
human gp130 receptors (Fig. 2) (approximate

dimensions 95 A by 56 A by 65 A). Each
vIL-6 molecule bridges two different gp130
molecules, and each gp130 binds two vIL-6
molecules through structurally distinct bind-
ing epitopes. The complex is tethered through
the interaction of one face of vIL-6 (site II)
with gpl30 (D2D3) (Figs. 2 and 3) and
through a second vIL-6 epitope (site III) in-
teracting with the D1 domain of a different
gp130 (Figs. 2 and 4). The tetramer is held
together entirely through ligand-specific in-
teractions, and the D1 domain is essential for
the formation of the activated, higher order

Table 1. Crystallographic statistics for the complex between vIL-6 and gp130. KSHV vIL-6 in complex
with the D1D2D3 domains of human gp130 was prepared by coinfection of sf9 cells with recombinant
baculovirus secretion constructs of the individual proteins (28). Nonglycosylated viL-6 and gp130 were
produced by carrying out the expression in the presence of tunicamycin, an inhibitor of N-linked
glycosylation (29). The secreted complexes were harvested from the supernatant and purified by Ni-NTA,
gel filtration, and anion exchange chromatography (28). The nonglycosylated complex (10 mg/ml)
crystallized from 10% MPEG-2K and 0.1 M Na citrate (pH 6.5) in space group C,, with unit cell
dimensions of a = 103 A, b = 123.31 A, ¢ = 76.79 A, B = 112.03°. A Matthews coefficient calculation
(4.2 A3/dalton) indicated a 70% solvent content for one vIL-6 and one gp 130 in the asymmetric unit (45).
Therefore, a half-tetramer (or half-dimer) is present in the asymmetric unit, related by C, symmetry to
the other half of the tetramer. The crystals were flash-frozen in liquid nitrogen in the presence of mother
liquor containing 20% ethylene glycol, and data sets were collected at ALS beamline 5.02 and SSRL 9-2.
A single data set from a crystal that diffracted to beyond 2.4 A was collected, and integrated and scaled
using MOSFLM and SCALA, respectively (45). Initial phases for two domains of gp130 were obtained by
molecular replacement with AmoRe (45) using the coordinates of the CHR (D2D3) domain of gp130 (PDB
ID: 1BQU) (34). For vIL-6, only MOLREP (45) succeeded in finding a molecular replacement solution using
the coordinates of hulL-6 (PDB ID: 1ALU) (37) in which the residues were truncated to alanine. No model
of an Ig domain gave a satisfactory solution for the gp130 D1 domain, so the structure of the D1 domain
was traced from the electron density calculated with the partial structure of the refined D2D3 and viL-6.
The entire structure was then built using XFIT, as implemented in XTALVIEW (45). The structure was
refined against a maximum likelihood target function, and consisted of a rigid-body refinement, several
cycles of simulated annealing with torsion angle molecular dynamics, and iterations between positional
and B-factor minimization. The structure was manually rebuilt using SIGMAA-weighted 2F | —F_,,_and
omit F, - F,. maps as implemented in CNS and the graphics program O (45), and stereochemical
analysis was performed with PROCHECK (45). All data between 50 A and 2.4 A were used, except for 5%
data randomly selected for cross-validation. All residues of the receptor (2 to 302) and the body of the
cytokine (6 to 172) are ordered in the electron density (residues 2 to 6 and 173 to 180 are not visible
in the vIL-6 electron density). The A/B loop of vIL-6, which is often disordered in uncomplexed cytokine
crystal structures, is entirely ordered and exhibits average temperature factors. No evidence of N-linked
glycosylation is present on either the cytokine or the receptor.

Data collection

Resolution (A) (highest resolution shell) 50.0 to 2.4 (2.53 to 2.40)

Measured reflections 106,397
Unique reflections 34,376
Completeness (%) 99.0 (99.6)
Reerge (%)* 8.1 (48.7)
o (l) 3.4 (1.4)
Mosaicity (°) 0.4

Model refinement

Resolution range (A) 50.0 to 2.4 (2.53 to 2.40)

Reryst (%)% 21.3 (31.3)
Riree (%)8 25.6 (34.6)
No. of protein atoms 3783
No. of waters 370
Average B factor (A?)
Protein main chain 46.3
Protein side chain 498
Water 549
RMSD angles (°)t 0.007
RMSD bonds (A)f 16
Ramachandran plot (%)
Most favored 879
Allowed 121
*Rerge = Zpitll = (M/Z,,, where ! is the intensity of unique reflection hkl, and (/) is the average over symmetry-related

observation of unique reflection hkl. tThe RMSD in bond lengths and angles is the RMSD from the ideal
stereochemical values. R = ZIF . —F , I/ZF  whereF  andF_, are the observed and calculated structure

factors, respectively. §Riree 1s R using a set of reflections sequestered before refinement.
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assembly. The COOH-termini of each gp130
are oriented in similar directions, albeit with
slightly divergent angles, where the three
membrane-proximal domains not present in

A 2-’old

site Il

site 111
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this structure would lead to the cell surface,
as predicted from functional studies (30, 3/).
As seen from the top, the overall configura-
tion results in a large hole in the middle of the

vIL-6

site I

site I

C-ter

Fig. 2. Structure of the vIL-6—gp130 tetrameric signaling complex. Ribbon and space-filling models
of vIL-6 complexed to gp130 (D1D2D3) in the 2:2 tetrameric oligomer are shown (gp130 molecules
are blue and green, vIL-6 molecules are pink and red, and smaller and larger domain labels indicate
farther and closer domains, respectively). (A) Side view of the complex; (B) a tilted view of a
space-filling model. In (A), the COOH-termini of the gp130 D3 domains are at the bottom of the
complex, pointing in the direction of the cell membrane. In this orientation, the second gp130
complex (in back) is obscured by the frontmost complex. When the side view is rotated toward the
viewer by ~45°, the top of the complex is seen, and the second (back) receptor and cytokine from
the side view (A) are now visible as related by the twofold axis, which runs through the hole in the
center of the complex. The tilted view of the complex (B) enables the reader to simultaneously see
the hole in the middle and the D3 domains underneath the “canopy” of vIL-6 and D1/D2 domains
that dominate the uppermost portion of the complex. [Figures produced with Molscript and

Raster3d (45).]
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complex (Fig. 2B) (~16 A by 45 A), a spac-
ing likely critical for the gpl30 extracellular
domains to orient the intracellular domains
correctly for signal propagation. The unused
site I face of vIL-6 (B and D helices) is
sterically accessible for engagement of an
Ra, as would presumably occur in the human
[L-6 hexamer.

The extracellular fragment of gpl30,
comprising the NH,-terminal D1, D2, and D3
domains, is extended (~115 A long) but
twisted at the domain boundaries (Fig. 2). D1
is a seven-stranded B-sandwich module that
adopts a noncanonical h-type Ig fold (32, 33).
The gp130 D1 contains an unusual disulfide
bond at its NH,-terminus between Cys® and
Cys?*2, which tethers the A strand to the B
strand. The D1 domain is linked at an approx-
imate 45° tilt angle to the D2 domain through
a proline-rich linker, which has been com-
pared to the linker between the V and C
domains of an antibody. However, unlike the
flexible “elbow angle” of antibodies, the
gpl130 D1 forms an extensive hydrophobic
interface with D2, which restricts segmental
flexibility between the domains and renders
the D1 domain into a fixed position.

The D2D3, or CHR, module of gp130 is
composed of two B-sandwich fibronectin
type 111 domains connected at a tilt angle of
~80° to form an elbow. The structure is
similar to a previously determined crystal
structure of an unliganded gp130 D2D3 (34):
There are essentially no conformational dif-
ferences in the exposed loops and side chains
of the cytokine-binding site [root mean
square deviation (RMSD) = 0.72 A for all
Ca, 0.976 A for all atoms]. Overall, gp130
appears to be a rigid structure that does not
structurally adapt to cytokine, in contrast to
other hematopoietic receptors that use con-
formational plasticity as a means of facilitat-
ing cross-reactivity (335).

The structure of vIL-6 shares the canonical
up-up-down-down, ABCD four-helix bundle
scaffold common to the “long chain” superfam-
ily (Fig. 2A) (8, 36). The entire polypeptide
chain is ordered in the electron density, largely
as a result of packing of the A/B and C/D loops
into the D1 domain of gpl30 (Fig. 1) (these
loops are often disordered in crystal structures
of uncomplexed four-helix cytokines). Al-
though only 25% homologous in sequence,
vIL-6 most closely superimposes with hulL-6
(37), mainly because of the identical positions
of two disulfide bonds (Cys®!-Cys*?, Cys®’-
Cys’™) and the residues comprising the helical
hydrophobic core (RMSD = 1.25 A for 82 Ca,
1.7 A total). Most of the amino acids in the
hydrophobic core are conserved between hu-
man and viral 1L-6. Hence, the viral cytokine
has reproduced, with high fidelity, the helical
scaffold on which to display altemnative gp130
contact residues.

Although the structure of the hulL-6—gp130
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complex is not known, it is clear that both site
II and site III vIL-6 epitopes use different ami-
no acids to contact gp130 than would be used
by hulL-6. However, structure-based sequence
alignment between vIL-6 and hulL-6 shows
that contact residues seen in the structure of the
vIL-6—gp130 complex are in the same posi-
tions as hulL-6—gp130 contact residues previ-
ously mapped by mutagenesis (/2). Hence, the
docking orientations of the human and viral
cytokines on gp130 are likely identical at both
sites Il and III. This allows us to make direct
comparisons of amino acid positions in each
cytokine with the assumption that the human
gp130 cytokine and viral complex templates are
identical.

The site 11 contact surface between vIL-6
and the gp130 CHR is primarily composed of
hydrophobic interactions between the A and
C helices of vIL-6 and the CD and EF loops
of the D2 domain and the BC loop of the D3
domain of gpl130 (Fig. 3). Thirteen vIL-6
residues and 17 gp130 contact residues bury a
total of 1194 A2, with only two hydrogen
bonds in the interface (38). The two hydro-
gen bonds (Arg'*Nn2-Phe!®®0, Asp'*’031-
Ser'®50y) may constrain the orientation of
the gpl30—vIL-6 crossing angle. There is
excellent shape complementarity between the
cytokine and receptor (Fig. 3, B and C), in
which the protruding gpl130 “elbow” slots
into a diagonal groove on a concave face of
vIL-6 created by the crossing angle of the A
and C helices (Fig. 3B). A stripe of three
tryptophans ( Trp''!, Trp'®, and Trp?') on
vIL-6 diagonal to the cytokine helical axes
(Fig. 3, B and C) defines the top, middle, and
bottom of the cytokine groove and interacts,
in order, with the top (CD), middle (EF), and
bottom (BC) loops linking the gp130 CHR
B-strand elements (Fig. 3).

The core of the interface is dominated by a
hydrophobic cluster composed of Trp'® on the
vIL-6 A helix (green patch in Fig. 3B, green
amino acid in Fig. 3C) and Tyr'¢®-Phe'%® (blue
patch in Fig. 4B) on the EF loop of gp130 D2,
and Val**® on the BC loop of gp130 D3 (38).
The vIL-6 Trp'® and gp130 Phe!®® protrude
into mutually complementary pockets (Fig. 3, B
and C). Mutation of gp130 Phe'®® and Val>*° is
disruptive to interaction with gp130 cytokines,
and large aromatics at gp130 positions 168 and
169 are highly conserved across species (31, 34,
39). Hence, the insertion of the receptor Phe'¢®
into a pocket on the cytokine A/C face likely
represents a common feature underlying gp130
cytokine recognition. These amino acids, then,
may represent the energetic “hotspots” of the
site II interface, as has been observed for a
structurally analogous Trp residue ( Trp'%?) in
the core of the hGH receptor interface (40).

None of the 13 vIL-6 site Il residues in
contact with gp130 are shared with hulL-6.
The stripe of three tryptophans on vIL-6
(Trp'8, Trp?!, and Trp''!) is replaced by
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fc

Leu104 4

A helix
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Vmgb&ier Trp21
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B vIL-6 surface ¥ gp130 surface
(red/green contact patch) (red/ blue contact patch)
vIL-6
Trp111

Fig. 3. Molecular anatomy and shape complementarity of the site Il interface. (A) Amino acid
contact residues within the site Il interface; gp130 (blue) is at the left and vIL-6 (purple) at the
right, and hydrogen bonds appear as red dotted lines. The conserved gp130 Phe'®® and vIL-6 Trp'8
are in the center of the interface. (B and C) The site Il viL-6—gp130 interface is peeled open, and
the contact residues of one molecule are projected onto the buried surface (red) of the interacting
protein. Trp'® of vIL-6 (green) and Phe'®® of gp130 (blue) are used as anchor points (arrows) to
orient the reader between the two surfaces. In (B), the gp130 contact residues (yellow) and
binding-site loops (blue) are shown as sticks projected onto the molecular surface of vIL-6, where
the buried portion is highlighted in red. A deep canyon that receives the protruding gp130 elbow
is evident on the surface of vIL-6. The central Trp'® of viL-6 is highlighted on the red surface as a
green patch. In (C), the vIL-6 contact residues {yellow) and helices (pink) are drawn as sticks
projected onto the protruding molecular surface of gp130. The Phe®® of gp130 is drawn as a blue
patch [see (38)]. [Figures produced with Molscript, Raster3d, and VMD (surface calculated with
MSMS using 1.4 A probe radius) (45).]
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Tyr’!, Asp*, and GIn'24 respectively.
Hence, the three largest hydrophobic contact
residues in vIL-6 are replaced by smaller,
more polar amino acids in hulL-6, which
would reduce the shape complementarity of

REPORTS

this interface and rationalizes, in part, the
hulL-6 requirement for its a-receptor (Ra) to
stabilize binding to a nonoptimal gpl30
D2D3 binding site. The increased size, hy-
drophobicity, and shape complementarity of

A gp130

CN\ R

Tyr143

C/D loop,

Trp144

viL-6

C helix g
A A helix

B vIL-6 surface
(red contact patch: site llla)
(blue contact patch: site Ilib)

gp130 D1

Tyro4 :‘. 4

€ gp130 (IGD) surface

(red contact patch)

viL-6
C/D loop

Fig. 4. Molecular anatomy and shape complementarity of the site Ill interface. (A) Amino acid
contact residues within the site Il interface; vIL-6 (magenta) is at the bottom and the gp130 D1
(IGD) domain (green) at the top, and hydrogen bonds appear as red dotted lines. The hallmark site
Il residue of vIL-6, Trp'44, is drawn in purple with a thicker stick rendering. B-sheet strands of the
gp130 IGD are labeled as indicated. (B and C) The site Il viL-6-gp130 interface is peeled open, and
the contact residues of one molecule are projected onto the buried surface (red) of the interacting
protein. Tyr'#3 and Trp'#* of vIL-6 are used as anchor points (blue arrows) to orient the reader
between the two surfaces. In (B), the vIL-6 contact residues (yellow for site llla, blue for site llib)
and binding-site loops are shown as sticks projected onto the molecular surface of the gp130 IGD
where the buried portion is highlighted in red. In (C), the gp130 IGD contact residues (yellow) and
BB-sheet strands (green) are drawn as sticks projected onto the protruding site Ill molecular surface
of vIL-6. The total site Il contact surface of vIL-6 is divided into site llla (red) and site b (blue)
to indicate the relative locations of side chains within the surface. The strand designations of the

IGD B-sheet strands are labeled.
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key contact positions in vIL-6 site II renders
an Ra dispensable.

The molecular basis of the striking cross-
reactivity of gp130 for a diverse set (15 to 20%
sequence homology) of cytokines likely resides
in a combination of highly solvent-exposed hy-
drophobic residues in the gpl30 CHR binding
site (Fig. 3, A and B) and an amphipathic
binding surface capable of both nonpolar and
polar interactions. The solvent accessibility of
nonpolar residues on the surface of the gp130
site 1] implies a favorable entropic driving force
for shielding this surface from solvent through
burial by cytokine, and the lack of side chain—
specific polar interactions may lead to promis-
cuity, as has been suggested for the binding site
of human Ig-Fc (47). The cross-reactivity of
gp130 is further enhanced by the amphipathic
nature of the site Il and III surfaces, which
enables the accommodation of a spectrum of
binding chemistries.

All gpl130 cytokines possess a third (site
I1I) functional epitope, which is necessary for
receptor activation, but the nature of its inter-
action with gp130 has been unclear (10, 13).
In the structure of the vIL-6—-gp130 complex,
the site 11l interaction comprises an extensive
interface between the tips of the vIL-6 four-
helix bundle (A/B loop and start of D helix)
and the edge (G and F strands) of the upper
three-stranded B sheet of the gp130 IGD (D1)
domain (Figs. 1 and 4) (38). The complemen-
tary shape of the interface is formed by the
convex tip of vIL-6 resting in a depression
formed by the curvature of the upper DI B
sheet (Fig. 4, A and C). The interface is
discontinuous and is composed of two sepa-
rate structural elements on vIL-6: residues in
the A/B loop (site 1l1a) and the start of the D
helix (site I1IIb) (Fig. 4) (38). These loops
primarily interact with the G B strand, and to
a lesser extent with the F, A, and ¢’ strands of
the receptor DI Ig B sandwich (Fig. 1). This
region of an Ig domain has not been previ-
ously seen as a ligand-binding site. A total of
1641 A? of surface is buried in the interface
and is partitioned on vIL-6 into 60% from the
A/B loop (site 111a) and 40% from the D helix
(site 11Ib) (38). The core of the interface is
formed by vIL-6 site I1IIb hydrophobic resi-
dues Tyr'*3, Trp'*4, and Phe'*® packing into
a depression on the surface of the G strand. In
site Illa, the vIL-6 A/B loop, usually disor-
dered in uncomplexed cytokines, forms an
almost continuous interaction with DI
through numerous main-chain H-bonds (Fig.
4A). The NH,-terminal four residues of D1,
which precede the unusual disulfide (Cys®-
Cys3?) between strands A and B, form a
strand-like interaction with A/B loop residues
44 to 49 of vIL-6 (Fig. 4A). Although the
functional importance of this contact is un-
known, modifications to the NH,-terminus of
gp130 disrupt signaling (42).

Extensive mutagenesis data on gpl130 cyto-
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kines implicate a large hydrophobic residue at
the NH -terminus of the D helix as being critical
to a functional site 111 (9, 10, 18, 43). In partic-
ular, a critical Trp'® in hulL-6 (Phe'%® in OSM,
CNTF, and LIF) is present at the identical po-
sition ( Trp'**) in the vIL-6 structure, placing it
in the center of the interface (Figs. 1 and 4),
where it buries the largest fraction of surface
area of all residues in site III and forms a
hydrogen bond with Asn®? of D1 (38). Hence,
the VIL-6 molecular mimicry of the hull-6 site
III is achieved through preservation of an iden-
tical central core residue ( Trp'#*) that likely is
the “hotspot” of the interface, but a different set
of peripheral contact residues is presented (9 of
13 vIL-6 contact residues differ).

The site III binding region on the gp130
D1 contains both degenerate and specific
structural features relevant to its function as a
shared signal transducer. D1 is a rigid struc-
tural framework that does not appear to use
conformational plasticity to cross-react with
multiple different cytokine site III surfaces.
Rather, the site III interaction surface of the
cytokine is composed primarily of flexible
interhelical loops, and it appears to adapt its
structure to the surface of D1 in an induced-
fit type of interaction. The predominance of
main-chain H-bonds between the A/B loops
(site IIla) and D1 also enhances the promis-
cuity of the site III-D1 interface (Fig. 4).
Similar to site I, the D1 binding site uses
amphipathicity to broaden the range of ligand
surface chemistries with which it can interact,
with residues such as Tyr®* and Asn®? par-
ticipating in both polar and nonpolar interac-
tions (the gp130 binding surface is 58% po-
lar, 42% nonpolar; the vIL-6 buried surface is
16% polar, 84% nonpolar).

Our biochemical studies using a soluble
D1D2D3 fragment of gpl30 indicate that the
human IL-6 signaling assembly consists of a
“hexamer” containing two hull.-6, two Ra, and
two gpl30 (2:2:2), which is consistent with
data from fimctional studies using full-length
receptor (18, 22, 23, 44). In the structure of the
vIL-6-gp130 tetramer, the outward helical face
of vIL-6 (B and D helices), where hull-6
would interact with Ro (site I), is unoccupied
but is openly accessible in the complex (Fig. 2),
clarifying the location of Ra in the human
signaling complexes. For the hulL-6 hex-
amer, the two site I faces will likely each be
occupied by an Ra in a manner similar to
the site I interaction between hGH and
GHR, creating the hexameric structure.
This hexamer model directly applies to hu-
man IL-11 and IL-12 signaling complexes,
as they both dimerize shared signal trans-
ducers. The resolution of how gp130 cyto-
kines such as LIF, CNTF, OSM, and CT-1
heterodimerize their receptors, breaking the
hexameric symmetry, remains a challenge
for future structural studies of this impor-
tant cytokine superfamily.
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