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IL-&Induced Homodimerization of gp130 and 
Associated Activation of a Tyrosine Kinase 

Masaaki Murakami, Masahiko Hibi, Naoko Nakagawa, 
Toshimasa Nakagawa, Kiyoshi Yasu kawa, Koichi Yamanishi, 

Tetsuya Taga, Tadamitsu Kishimoto 
The biological functions of interleukin-6 (IL-6) are mediated through a signal-transducing 
component of the IL-6 receptor, gp130, which is associated with the ligand-occupied IL-6 
receptor (IL-6R) protein. Binding of IL-6 to IL-6R induced disulfide-linked homodimerization 
of gpl30. Tyrosine kinase activity was associated with dimerized but not monomeric gp130 
protein. Substitution of serine for proline residues 656 and 658 in the cytoplasmic motif 
abolished tyrosine kinase activation and cellular responses but not homodimerization of 
gp130. The IL-&induced gp130 homodimer appears to be similar in function to the 
heterodimerformed between the leukemia inhibitoryfactor (LIF) receptor (LIFR) and gpl30 
in response to the LIF or ciliary neurotrophic factor (CNTF). Thus, a general first step in 
IL-&related cytokine signaling may be the dimerization of signal-transducing molecules 
and activation of associated tyrosine kinases. 

W h e n  bound to IL-6, the IL-6R [referred phorylation of gp130, but this has not been 
to bv Davis et al. as IL-6Ra (1 ) l  associates shown to cause its association with other ~ ,. 
with gp130 to initiate cytoplasmic signaling signal-transducing molecules ( 2 4 ) .  Other 
Drocesses (2. 3). The bindine of IL-6 to its cvtokines related to IL-6 (7) .  such as LIF or , .  , 

ieceptor results in the rapid tyrosine phos- CNTF, cause formation' bf heterodimers 
between gp130 and the structurally related 

M. Murakam~. M Hibi, T Taga, lnst~tute for Molecular LIFR [referred to by D~~~~ er al. as L I F R ~  and Cellular B~ology, Osaka Un~versity, 1-3 Yamada- 
oka, Su~ta. Osaka 565, Japan ( I ) ]  and induce tyrosine phosphorylation of 
N Nakaqawa. T. Nakaqawa, K Yamanish~ Research both molecules (1. 5. 6. 8. 9). 
lnst~tute ?or M~crob~al Gseases Osaka Un~vers~ty 3-1 
Yamada-oka Su~ta Osaka 565 Japan 

T o  examine more closely the potential 

K Yasukawa B~otechnology Research Laboratory induction changes In gp130 
Tosoh Corporat~on 2743-1 Hayakawa Ayase Kana by IL-6, we transfected cells with an expres- 
gawa 252, Japan 
T K~shlmoto. Department of Med~c~ne  Ill, Osaka Unl- 

sion vector that overexpresses gp130. The 

verslty Med~cal School, 1-1-50 Fukush~ma. Fukush- entire regi0n of human cDNA en- 
(ma-ku Osaka 553. Japan coding gp130 (3) was inserted into the 

genome of the vaccinia virus strain 
LC16mO under the control of a strong 
promoter, which normally expresses the 
7.5-kD viral polypeptide ( 1  O), and a recom- 
binant virus Vacl30 was obtained. Hep 3B 
cells infected with Vacl30 were cultured 
with [35S]methionine and stimulated with a 
complex of IL-6 and soluble IL-6R (sIL- 
6R),  which associates with and stimulates 
gp130 (2, 11). Cell lysates were subjected 
to immunoprecipitation with monoclonal 
antibody (mAb) to human gp130 (anti- 
gp 130). As analyzed by SDS-polyacrylam- 
ide gel electrophoresis (PAGE) under 
nonreducing conditions, gp130 was the ma- 
jor protein precipitated from the unstimu- 
lated cells (Fig. I ) ,  whereas a protein of 260 
kD was detected with gpl3O from the cells 
stimulated with the IL-6-sIL-6R complex. 
When the same set of immunoprecipitates 
were treated with a reducing reagent, 
2-mercaptoethanol (2-ME; 5%), only the 
gp130 protein was detected in either un- 
stimulated or stimulated cells. The fact that 
the 260-kD protein was not present and no 
major proteins other than gp130 were de- 
tected under reducing conditions implied 
that the 260-kD protein might be a disul- 
fide-linked homodimer of gp130. 

T o  examine whether the 260-kD protein 
was composed solely of gp130, we performed 
peptide mapping analysis. The gp130 pro- 
tein from unstimulated and stimulated cells 
and the 260-kD protein from stimulated cells 
were individually subjected to proteolysis 
with Staphylococcus aureus V8 protease. The 
peptide maps obtained with these three ma- 
terials were identical (Fig. 1B). This result, 
taken together with the molecular size of the 
protein (260 kD, nonreduced; 130 kD, re- 
duced) and its immunoreactivity with poly- 
clonal antibody to human gp130 (12), indi- 
cated that the 260-kD protein was a disul- 
fide-linked gp130 homodimer. The forma- 
tion of gp130 homodimers after stimulation 
by IL-6 alone was also observed in [35S]me- 
thionine-labeled IL-&responsive cells not 
infected with Vacl30, but the amounts ob- 
served were very small (13), presumably 
because of the very small amounts of both 
IL-6R and gp130 protein present in these 
cells. Thus, gp130 homodimerization may 
also occur upon binding of IL-6 to mem- 
brane-anchored IL-6R as well. 

We examined the phosphorylation state 
of the dimerized gp130 protein. Hep 3B 
cells infected with Vacl30 were incubated 
with [32P]orthophosphate and stimulated 
with IL-6 and sIL-6R. Analysis by SDS- 
PAGE of the anti-gpl30 immunoprecipi- 
tates under nonreducing conditions re- 
vealed that both dimerized and monomeric 
forms of gp130 protein were phosphorylated 
in response to stimulation (Fig. 2A). When 
reduced, the phosphorylated gp130 ho- 
modimers dissociated into monomers. 
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Stimulation of cells with IL-6 and sIL-6R 
also induced phosphorylation of dimerized 
gp130 protein in parental Hep 3B cells not 
infected with Vacl30, but the amount of 
phosphorylated gp130 was smaller than that 
in infected cells. 

The gp130 monomers from unstimulated 
and stimulated cells and dimers from stim- 
ulated cells were extracted and subjected to 
phosphoamino acid analysis (Fig. 2B). Mo- 
nomeric a 1 3 0  protein from unstimulated 
cells was phosphorylated on serine and 
threonine but not on tyrosine residues. On 
the other hand, dimerized or monomeric 
gp130 protein from stimulated cells exhib- 
ited increased ~hos~honrlation on serine . . ,  
and threonine residues and was also phos- 
phorylated on tyrosine residues. Tyrosine 
phosphorylation of gp130 became apparent 
only upon stimulation, whereas serine-thre- 
onine phosphorylation was observed in 
both unstimulated and stimulated cells, al- 
beit in greater amounts in the latter. The 

u 

presence of tyrosine-phosphorylated gp130 
monomers in stimulated cells mav seem 
inconsistent with the idea that it' is the 
dimer species that is subject to tyrosine 
phosphorylation. We imagine that these 
tyrosine-phosphorylated monomers may 
arise from the dissociation of gp130 dimers, 
perhaps because of the action of a cellular 
redox mechanism acting on gp130. 

Hep 3B cells infected with Vacl30 were 
stimulated with IL-6 and sIL-6R. Proteins 
from cell extracts were immuno~reci~itated . . 
with anti-gpl30, and the immunoprecipi- 
tates were subjected to an immune com- 
plex-kinase assay. Only the dimerized 
gp130 was phosphorylated (Fig. 3A). These 
gp130 homodimers phosphorylated in vitro 
were dissociated into monomers after treat- 
ment with a reducing reagent (5% 2-ME). 
The dimerized gp130 was phosphorylated in 
vitro on tyrosine as well as serine-threonine 
residues. These results suggested that the 
dimerized gp130 protein, not the monomer- 
ic protein, was associated with a tyrosine 
kinase. The additional association of ser- 
ine-threonine kinase activitv with dimer- 
ized gp130 protein, as suggested by this 
assay, is reminiscent of the observation that 
epidermal growth factor (EGF) stimulates 
association, and kinase activity, of Raf-1 
with the EGF receptor (14). The possible 
role of gpl30-associated serine-threonine 
kinase remains to be clarified. 

In the cytoplasmic region of various 
members of the cytokine receptor family, 
including gpl30, a region, proximal to the 
membrane, of about 60 amino acid resi- 
dues is conserved (4). In this region, a 
shorter, eight-amino acid stretch adjacent 
to the membrane, which we termed box 1, 
is strongly conserved. Box 1 contains a 
Pro-X-Pro (where X represents any amino 
acid) motif that is present in almost all 

Fig. 1. Formation of homodimers of gp130 in A 1 2 3 4 6 
cells stimulated with 11-6 and slL-6R. (A) Hep 
38 cells (lo6 cells for each lane) were cultured 
with Vacl3O virus [5 x lo6 plaque-forming Ca + 
units (PFU)] for 15 hours and stimulated with 200- medium alone (lanes 1 and 3) or IL-6 (1 pglml) 
and slL-6R (2.5 pgtml) (lanes 2 and 4) for 10 

t f  ' 
A b *  

min. Cell lysates were prepared as described 
(4. 6) except the NP-40 concentration was m - m -gp130 

0.5%. Proteins immunoprecipitated from the 93- ' 

lysates with anti-gpl30 (mAb AM277) (3) were a b c  
analyzed by SDS-PAGE under nonreducing 
(lanes 1 and 2) or reducing (5% 2-ME; lanes 3 and 4) conditions. Molecular size markers (in 
kilodaltons) and the position corresponding to gp130 are indicated. The arrow indicates the 260-kD 
protein. (B) Sections of the polyacrylamide gel containing the bands a through c shown in (A) were 
excised and treated with S. aureus V8 protease and analyzed by SDS-PAGE as described (22). 

members of this family. This motif in 
gp130 is critical for the transduction of the 
IL-6-mediated signals that result in DNA 
replication; substitution of the two Pro 
residues at positions 656 and 658 in this 
motif with serine residues abolished the 
signaling capability of gp130 when it was 
assayed in mouse pro-B cell transfectants 
(4). A cDNA encoding the human gp130 
that contains these two amino acid substi- 
tutions was inserted into the vaccinia virus 
genome, and a recombinant virus, 
Vacl30PP, was obtained. 

Hep 3B cells were infected with Vacl30, 
Vacl30PP, or the original virus strain 
LC16mO as a control and then examined 
for their production of haptoglobin, one of 
the acute phase proteins whose expression 
is regulated by IL-6 (15) (Fig. 4A). The 
basal amounts of haptoglobin produced 
from Hep 3B cells infected with any of the 
three viruses were the same. In the presence 
of IL-6 and sIL-6R, control Hep 3B cells 
produced an increased amount of haptoglo- 
bin as a result of stimulation of their intrin- 
sic gp130 protein. Expression of extra 
amounts of wild-type gp130 resulted in 
enhanced responsiveness of the cells to 

IL-6, whereas expression of the mutant 
gpl30PP by Vacl30PP had no effect. These 
results suggested that the conserved Pro-X- 
Pro motif is also critical for IL-&induced 
haptoglobin synthesis in hepatocytes. In- 
fection with larger titers of virus or for 
longer infection times resulted in the failure 
of Hep 3B cells to induce haptoglobin 
production in response to IL-6 no matter 
which of the three viruses was tested. Thus, 
we were unable to further increase the ratio 
of gpl30PP to endogenous gp130. This may 
explain why we did not observe a dominant 
negative effect of gpl30PP on endogenous 
gp130 (Fig. 4A), as has been observed with 
EGF receptor mutants (1 6). 

In cells stimulated with IL-6 and sIL-6R, 
the mutant gpl30PP protein also formed a 
260-kD dimer that could be dissociated into 
monomers in the presence of a reducing 
reagent (Fig. 4). We therefore examined 
whether the gpl30PP protein also became 
phosphorylated on tyrosine in response to 
IL-6 and sIL-6R. Hep 3B cells infected with 
Vacl30PP and labeled with [32P]ortho- 
phosphate were stimulated with or without 
IL-6-sIL-6R. Overall, phosphorylation of 
gpl30PP protein from either unstimulated or 

Fig. 2. Tyrosine phosphorylation of homodimerized A 
gp130. (A) Hep 38 cells cultured for 15 hours with 1 2 3 4 5  
Vacl30 virus (10" cells per 5 x 10" PFU per lane; 
lanes 1 through 3) or without virus (1 x lo7 cells I + 
per lane; lanes 4 and 5) were incubated with 
[32P]orthophosphate and medium alone (lanes 1 200- - e 
and 4) or IL-6 and slL-6R (lanes 2, 3, and 5; same 
concentrations as in Fig. 1) for 10 min. Proteins 
immunoprecipitated from cell lysates with anti- 
gp130 were analyzed by SDS-PAGE under nonre- ba 9 -gPlm 
ducing (lanes 1, 2, 4, and 5) or reducing (lane 3) 93- - 
conditions. Exposures: lanes 1 through 3, 5 hours; 
lanes 4 and 5, 24 hours. The arrow indicates the 
gp130 homodimer. A band at around 200 kD 
corresponds to a nonspecifically precipitated pro- 
tein. (B) Sections of the polyacrylamide gel con- -= taining the bands a through c in (A) were excised. 
Proteins containing equal amounts of extracted - - -  a 633 
radioactivity were subjected to phospho-amino 
acid analysis (panels a through c, respectively) as 

1" 
described (23) and analyzed by an imaging analyzer (Fuji, Tokyo, Japan). Approximate positions 
of phosphoserine (S), phosphothreonine (T), and phosphotyrosine (Y) are indicated. 
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stimulated cells was similar to phosphoryla- 
t ion of the wild-type gp130 protein (Fig. 
2A). However, the mutant gpl30PP protein 
was not tyrosine-phosphorylated in response 
to stimulation (Fig. 4D). In contrast, the 
enhancement of serine-threonine phosphor- 
ylation of the gpl30PP protein in response 
to IL-6 and sIL-6R was s t i l l  observed, al- 
though the extent of this enhancement was 
somewhat smaller than that observed for the 
wild-type gp130 protein (Figs. 2 and 4). 
Thus, the Pro-X-Pro motif in the cytoplas- 
mic region of gp130 appears to be important 
for tyrosine kinase activation and signal 
transduction but not for homodimerization 
of gp130. Because Pro is considered a helix- 
breaker and i s  thought to be important in 
protein structure (1 3, i t  is possible that 
substitution of the two ~rol ines in the cvto- 
plasmic conserved motif may have changed 
the tertiarv structure of the cvto~lasmic re- , . 
gion of gp130, which may be important for 

activating a downstream molecule. Our re- 
sults suggest the importance of gp130 ho- 
modimerization in the IL-6 signaling pro- 
cesses but also show that dimerization by 
itself i s  not sufficient for signaling. Other 
results support the latter idea; i t  has been 
shown that oligomerization of cell-surface 
gp130 protein by gp130 mAbs does not 
produce an agonistic effect (6, 12). 

The structure of the gp130 homodimer 
formed in cells treated wi th IL-6 stands in 
contrast to that of the heterodimer formed 
between gp130 and its relative LIFR in cells 
treated wi th LIF or CNTF (1, 5, 6, 8, 9). 
However, these two types of dimerized re- 
ceptor components appear to  function in an 
analogous manner, associating wi th a cyto- 
plasmic tyrosine kinase molecule. Thus, in 
the case o f  cytokines sharing gp130, dimer- 
ization o f  the receptor components may be 
a common mechanism that triggers the -., 
cytoplasmic signaling cascades. Granulo- 

Fig. 3. In vitro phosphorylation of dimerized gp130 protein. A , B 
(A) Hep 38 cells infected with Vacl3O were incubated with - 
medium alone (lanes 1 and 3) or 11-6 and slL-6R (lanes 2 and j 

4; same concentrations as in Fig. 1). To reduce contaminat- * r 
ing proteins, glycoproteins reactive to a lectin, RCA120, were 200- 

first purified from cell lysates with RCA120-coupled agarose W -gPlx 
(Seikagakukogyo, Tokyo, Japan) according to the manufac- 93- - Y 
turer's instructions. Proteins immunoprecipitated with anti- 
gp130 from the purified glycoprotein fraction were labeled in 
vitro with [y-32P]adenosine triphosphate (24) and analyzed by SDS-PAGE under nonreducing 
(lanes 1 and 2) or reducing (lanes 3 and 4) conditions. The arrow indicates the gp130 homodimer. 
The presence of both dimerized and monomeric gp130 in the precipitates from stimulated cells was 
confirmed with [35S]-labeled cells. (B) [32P]-labeled dimeric gp130 protein in (A) (lane 2) was 
extracted from the gel and subjected to phospho-amino acid analysis. S, phosphoserine; T, 
phosphothreonine; Y, phosphotyrosine. 

Fig. 4. Effects of mutations in the A 4 5 1- -2 -3_ .  - . 
conserved Pro-X-Pro motif in = 
gp130. (A) Hep 35 cells that had Q 0.8 
been infected with LC16mO 3 

200- - 
1 
t 

(closed columns), Vacl30 (open 5 
? -  

columns), or Vacl30PP (hatched o 0.4 

columns) for 2.5 hours (1 x l o 6  ) -gP130 
PFU of each virus with 1 x l o 6  9 93- 
cells in 1 ml of medium) were O - -,- 
incubated with medium alone (-) Sthnulatlon 
or 11-6 (0.5 ~a/ml)  and slL-6R (1 

' L U . t  

cells per well In 24-well plates ~roduct~on of 
haptoglob~n was measured by enzyme-Inked Im- ,,- 

kW.4 

munosorbent assay. (B) ~ e d  3B cells (lo6) cul- 
tured with 5 x lo6 PFU of Vacl30PP (lanes l a b 

*PI; 
through 4) or Vacl30 (lane 5) for 15 hours were 93_ 
incubated with [35S]rnethionine. Cells were incu- 
bated with medium alone (lanes 1 and 3) or medium containing IL-6 and slL-6R (lanes 2, 4, and 5; 
same concentrations as in Fig. 1) for 10 min and solubilized with lysis buffer containing NP-40. 
Proteins immunoprecipitated with anti-gpl30 were analyzed by SDS-PAGE under nonreducing (lanes 
1, 2, and 5) or reducing (lanes 3 and 4) conditions. (C) Hep 36 cells cultured with Vacl30PP for 15 
hours were labeled with [32P]orthophosphate and incubated with medium alone (lanes 1 and 3) or 
medium containing IL-6 and slL-6R (lanes 2 and 4) for 10 min. Proteins irnmunoprecipitated with 
anti-gpl30 from the cell lysates were analyzed by SDS-PAGE under nonreducing (lanes 1 and 2) or 
reducing (lanes 3 and 4) conditions. Exposure was for 10 hours. (D) Phospholylated gpl30PP protein 
[bands a and b in (C)] containing radioactivity equal to that of the protein shown in Fig. 28 were 
subjected to phospho-amino acid analysis. S and T represent phosphoserine and phosphothreonine. 
respectively. The position where phosphotyrosine (Y) should appear is also indicated. Molecular size 
markers in (6) and (C) are in kilodaltons. The arrows in (5) and (C) indicate the dirnerized gp130. 

cyte colony-stimulating factor (G-CSF) 
also induces homodimerization of the 
G-CSF receptor (18). A constitutively ac- 
tive (hormone-independent) mutant o f  the 
erythropoietin receptor is changed at a s in-  
gle amino acid, creating a new cysteine 
residue in the extracellular region, and 
forms a disulfide-linked homodimer (1 9). 
Although none of the receptor components 
(including signal transducers) that belong 
to the cytokine receptor family have a 
tyrosine kinase domain (20), they have 
functions similar to those of receptors that 
are tyrosine kinases. Whereas ligands cause 
the dimerization and activation of tyrosine 
kinase receptors (2 I ) ,  the binding of cyto- 
kines appears to cause the homo- or het- 
erodimerization of signal-transducing recep- 
tor subunits and subsequent association 
wi th tyrosine kinases. 
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