The EMBO Journal vol.12 no.4 pp.1705-1712, 1993

Structure — function analysis of human IL-6 receptor:
dissociation of amino acid residues required for
IL-6-binding and for IL-6 signal transduction through

gp130

Hideo Yawata'2, Kiyoshi Yasukawa?, Shuniji
Natsuka', Masaaki Murakami’, Katsuhiko
Yamasaki', Masahiko Hibi', Tetsuya Taga'
and Tadamitsu Kishimoto'34

Division of Immunology, Institute for Molecular and Cellular
Biology, Osaka University, 1-3 Yamada-oka, Suita, Osaka 565,
2Biotechnology Research Laboratory, TOSOH Corporation, 2743-1,
Hayakawa, Ayase, Kanagawa 252 and >Department of Medicine III,
Osaka University Medical School, 1-1-50, Fukushima, Fukushima-ku,
Osaka 553, Japan

4Corresponding author

Communicated by C.-H.Heldin

Here, we report the analysis of the structure—function
relationship of the extracellular region of human
interleukin 6 receptor (IL-6R). Upon binding of IL-6,
IL-6R becomes associated extracellularly with a non-
IL-6-binding but signal transducing molecule, gp130, and
the IL-6 signal is generated. In this region, the cytokine
receptor family domain, but not the immunoglobulin-like
domain, was responsible both for IL-6 binding and for
signal transduction through gp130. Because a soluble,
extracellular portion of IL-6R (sIL-6R) could bind IL-6
and mediate IL-6 functions through gp130, amino acid
substitutions were introduced into sIL-6R by site-directed
mutagenesis. The results, together with the previously
proposed tertiary structure model, suggested that the
amino acid residues critical for IL-6 binding have a
tendency to be distributed to the hinge region between
the two ‘barrel’-like fibronectin type III modules and to
the same side of these two ‘barrels’. Amino acid residues,
of which substitutions barely affected the IL-6-binding
but did abolish the IL-6 signalling capability of sIL-6R,
were identified and found to be located mainly in the
membrane proximal half of the second barrel. sIL-6R
mutants carrying such substitutions lacked the capacity
to associate with gp130 in the presence of IL-6.
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Introduction

Interleukin-6 (IL-6) is a typical example of cytokines with
a variety of biological activities on a wide range of tissues
(Kishimoto, 1989). The IL-6 signal is transduced through
a cell surface receptor complex in a specific manner. We
have demonstrated that two transmembrane molecules are
involved in this step; an IL-6 receptor (IL-6R) molecule
(Yamasaki et al., 1988) and a non-IL-6-binding signal
transducer, gp130 (Taga et al., 1989; Hibi et al., 1990).
IL-6 triggers the association of IL-6R with gp130 at their
extracellular regions, resulting in the formation of high-
affinity IL-6 binding sites, and gp130 in turn generates the
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IL-6 signal. It has been demonstrated that genetically
engineered soluble IL-6R (sIL-6R) lacking transmembrane
and cytoplasmic regions retains IL-6-binding capability.
sIL-6R enhances biological functions of IL-6 rather than
inhibits them (Taga et al., 1989; Yasukawa et al., 1990)
unlike sIL-1R and sIL-4R (Fanslow ez al., 1990; Mosley
et al., 1989), since sIL-6R associates with the cell surface
gp130 in the presence of IL-6. Therefore, the extracellular
region of IL-6R is responsible for two functions of IL-6R;
(i) IL-6-binding and (ii) association with gp130 to generate
the signal. The 339 amino acid extracellular region of human
IL-6R is composed of an immunoglobulin (Ig)-like domain
and a cytokine receptor family domain, the latter of which
comprises two fibronectin type III modules (Yamasaki et al.,
1988; Bazan, 1990). Therefore, it is interesting to know
which domain of the extracellular region of IL-6R is
responsible for IL-6-binding and/or IL-6 signal transduction
through gp130, and to identify amino acid residues critical
for these two functions.

Here we describe the structure—function analysis of
human IL-6R. We show that only the cytokine receptor
family domain is responsible both for IL-6-binding and for
IL-6 signal transduction through gp130. We further identify
amino acid residues critical for IL-6-binding and/or IL-6
signal transduction by introducing site-directed amino acid
substitutions into sIL-6R and discuss their spatial locations.
We also describe that some mutants retain IL-6-binding
capability but are inadequate to associate with gp130 in the
presence of IL-6, resulting in the loss of the potential to
mediate the IL-6 signal.

Results

Unnecessity of the immunoglobulin-like domain of

IL-6R for IL-6 binding and IL-6 signal transduction

The extracellular region of human IL-6R, which is
responsible both for IL-6-binding and for IL-6 signal
transduction through gpl30, can be divided into two
domains; an Ig-like domain (positions ~20 to ~110;
Yamasaki er al., 1988) and a cytokine receptor family
domain (~ 110 to ~330; Bazan, 1990). To determine which
domain is responsible for binding the IL-6 molecule and/or
mediating the IL-6 signal, two types of deletion mutants were
constructed. One, IL-6RAlg, lacks the Ig-like domain
(Ala27—Thr105) and the other, IL-6RAFam, lacks the
cytokine receptor family domain (Lys124 —Asn342). Each
of these mutants as well as wild-type IL-6R was expressed
in COP cells and stained with biotinylated IL-6 and FITC-
conjugated avidin. As shown in Figure 1 (left and centre
panels), the cells expressing IL-6RAIg were stained
comparably to the cells expressing wild-type IL-6R. The
staining was IL-6-specific since it was completely inhibited
by the addition of excess non-biotinylated IL-6 (unpublished
data). However, the cells expressing IL-6RAFam were not
stained (Figure 1, right panel). The IL-6RAFam molecule
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Fig. 1. IL-6-binding capability of IL-6R deletion mutants. Each solid line represents the staining pattern of COP cells expressing wild-type human
IL-6R (left), IL-6RAIg (centre) or IL-6RAFam (right). Cells were stained with biotinylated IL-6 and FITC-conjugated avidin and analysed by a
FACS. Dashed lines represent the staining with FITC-conjugated avidin alone.

was expressed on the cell surface, since this molecule on
the COP cells was detected by FITC-conjugated anti-human
IL-6R monoclonal antibody MT18. These results suggest that
IL-6 binds to IL-6R at the cytokine receptor family domain.

We further examined whether the IL-6RAIg molecule
which retained IL-6-binding capability could normally
mediate the IL-6 signal. Murine myeloid leukaemic M1 cells
have been reported to respond to IL-6, resulting in the
inhibition of growth, and in the differentiation into
macrophages (Miyaura et al., 1988). It was previously
shown that M1IL-6R, the M1 transfectant carrying human
IL-6R cDNA, acquired higher sensitivity to IL-6 than did
the parental M1 in the growth inhibition assay (Taga et al.,
1989). IL-6RAIg cDNA was introduced into M1 cells,
producing the transfectant M1IL-6RAIg. The numbers of
IL-6 binding sites on M1IL-6R, M1IL-6RAIg and M1 were
6700, 2600 and 50 per cell, respectively, as measured by
Scatchard analysis. As shown in Figure 2, in association with
the increase in the number of cell-surface-expressed
IL-6-binding sites, M1IL-6R and MIIL-6RAIg acquired
~36- and ~ 15-fold higher sensitivity to IL-6 respectively,
than did M1, suggesting that mutant IL-6R lacking the
Ig-like domain could mediate the IL-6 signal. Thus,
the Ig-like domain in the IL-6R extracellular region was
required neither for IL-6-binding nor for transducing the IL-6
signal. We have shown previously that recombinant sIL-6R
with a termination codon at position 323 is able to bind IL-6
and to transduce the IL-6 signal by associating with the cell
surface IL-6 signal transducer, gp130 (Taga et al., 1989).
Taken together, it is therefore suggested that the region
of amino acids 106—322, which comprise the cytokine
receptor family domain of IL-6R, is responsible both for
IL-6-binding and for transducing the IL-6 signal through
gp130.

Expression of sIL-6R mutants

To identify the amino acid residues in human IL-6R which
are involved in binding IL-6 and/or in transducing the IL-6
signal, we introduced amino acid substitutions into the
cytokine receptor family domain of sIL-6R by in vitro site-
directed mutagenesis. All the mutants were prepared from
sIL-6R with a termination codon at the position 345 which
has previously been demonstrated to possess both
IL-6-binding capability and the potential to mediate the IL-6
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Fig. 2. Functional assay of the IL-6RAIg mutant in M1 cells. M1
(®), MIIL-6R (A) and MIIL-6RAIg (V) cells were cultured with
the indicated concentrations of IL-6 and incorporated [*H]thymidine
was measured. Data represent the average of duplicate values.

signal through gp130 (Yasukawa et al., 1990). Most of the
sIL-6R mutants were designed to possess one or serial two
substituted amino acid residue(s). Each sIL-6R mutant was
expressed in COS-7 cells. To examine whether sIL-6R
mutants are normally secreted from COS-7 cells, the cells
transfected with each sIL-6R mutant cDNA were labelled
with [*°S]methionine and the culture supernatant was
immunoprecipitated with anti-human IL-6R monoclonal
antibody MT18. By flow cytometric analysis, MT18 was
shown to stain COP cells transfected with IL-6RAFam
cDNA but not those transfected with IL-6RAIg cDNA
(unpublished data), suggesting that this monoclonal antibody
may recognize the Ig-like domain of human IL-6R.
Therefore, it is unlikely that immunoprecipitation of sIL-6R
mutants with MT18 would be affected by amino acid
substitutions in the cytokine receptor family domain. As
shown in Figure 3, the wild-type sIL-6R with a relative
molecular mass of ~55 000 was precipitated (lane 2), but
not from the supernatant of COS-7 cells transfected with
pSVL vector without an insert (lane 1). All the sIL-6R
mutants were immunoprecipitated with mobilities
comparable to that of the wild-type sIL-6R (lanes 3—23; data
of other mutants are not shown), showing that all sIL-6R
mutants were secreted from the cells.

To estimate the expression level of each sIL-6R mutant,
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3. Immunoprecipitation of sIL-6R mutants. COS-7 cells transfected with pSVL vector containing each sIL-6R mutant cDNA were cultured with
Jmethionine and the supernatant was immunoprecipitated with the anti-human IL-6R monoclonal antibody MT18. In parentheses following the

name of each sIL-6R mutant, the amino acid position number is indicated together with the original and changed amino acids (on the left and right
of the number, respectively; amino acid residues are represented by one-letter symbols).

the radioactivity of each immunoprecipitated **S-labelled
sIL-6R mutant in the SDS-—polyacrylamide gel was
measured. Values were obtained from more than two
independent transfections. The expression levels of most of
the sIL-6R mutants were comparable to that of wild-type
sIL-6R. However, some amino acid substitutions resulted
in the low expression levels of the mutants: m121a (15%
of wild-type sIL-6R), m121b (14%), m132 (19%), m165
(36%), m236 (14%), m250 (30%), m254b (12%), m293a
(32%), m293b (29%), m301 (17%), m303 (36%), m304
(26%) and m305 (31%). When these sIL-6R mutants were
immunoprecipitated with guinea pig anti-human sIL-6R
polyclonal antibody (Yasukawa et al., 1992), almost con-
sistent results were obtained (unpublished data). Amino acid
residues substituted in such sIL-6R mutants might be
important for the expression of sIL-6R. Interestingly, amino
acids substituted in such mutants include some of highly
conserved ones in the cytokine receptor family, e.g. Cys121,
Cys132, Cysl65, Trp303, Ser304, Trp306, Ser307.

IL-6-binding capability of sIL-6R mutants

As described above, monoclonal antibody MT18 could detect
all of the sIL-6R mutants, and MT18 could not inhibit the
binding of IL-6 to IL-6R (Hirata et al., 1989). Thus, to
examine the IL-6-binding capability of sIL-6R mutants, each
sIL-6R mutant in the COS-7 culture supernatant was trapged
on MT18-coated microtitre plates and the binding of '*I-

labelled IL-6 was measured. When the culture supernatant
of COS-7 cells that had been transfected with wild-type
sIL-6R cDNA was serially diluted down to 1/50 with the
control supernatant and subjected to this assay, the radio-
activity of the bound ['%1)IL-6 correlated with the dilution
of sIL- 6R. So,.the IL-6-binding capability of each sIL-6R
mutant was evaluated as follows. The radioactivity of
[*>T]IL-6 bound to each sIL.-6R mutant was measured and
compensated for its expression level as estimated in the
previous section, and represented as the ratio (in %) to the

value obtained with wild-type sIL-6R. Figure 4 summarizes
the IL-6-binding capability of sIL-6R mutants. The results
suggested that sIL-6R mutants can be roughly classified into
two groups on the basis of their IL-6-binding capability. The
sIL-6R mutants in one group possess IL-6-binding capability
comparable to that of wild-type sIL-6R, while the
IL-6-binding capability of the sIL-6R mutants in the other
group was < 10% of that of wild-type sIL-6R (indicated by
asterisks in Figure 4). Therefore, it was suggested that the
amino acid residues substituted in sIL-6R mutants in the latter
group are critical for the IL-6-binding capability of sIL-6R.

The cytokine receptor family domain comprises two
fibronectin type III modules. Each of the two modules
consists of seven predicted B-strands and the loops
connecting them, and could form a ‘barrel’-like globular
protein fold (Bazan, 1990). The ‘double-barrel’ structure
model of the cytokine receptor family domain was proposed
on the basis of the crystallographically determined fold of
Escherichia coli PapD protein which also has a tandem
of spheres, each comprising seven predicted [B-strands
(Holmgren and Brinden, 1989; Bazan, 1990). Figure 5
schematically illustrates the ‘double-barrel’ structural model
of the cytokine receptor family domain of human IL-6R
based on Bazan’s model. The positions of amino acid
residues critical for IL-6-binding are indicated in this figure.
101 amino acid residues were substituted in total, 39 of which
were revealed to be critical for IL-6-binding. Of these 39
residues, 23 were located in or near the hinge region between
the two ‘barrel’-like protein folds (Figure 5). Seventeen of
the residues critical for IL-6-binding are predicted to be on
the loops, and it is notable that all except one are located
in the hinge region. These include a Trp303-Ser304-
Glu305-Trp306-Ser307 motif which is highly conserved in
the cytokine receptor family. Of the 22 amino acid residues
critical for IL-6-binding that are on the 3-strands, 17 (77 %)
were considered to be located on the same side of each
‘barrel’-like type III module (at the front in Figure 5). These
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Fig. 4. IL-6-binding capability of sIL-6R mutants. The value obtained
with each sIL-6R mutant is compensated for its expression level and
represented as the ratio (in %) to that obtained with wild-type sIL-6R.
Data represent the average of two or more independent experiments
with standard deviations. Asterisks indicate sIL-6R mutants of which
IL-6-binding capability was abolished. Mutant names and amino acid
positions are indicated as in Figure 3.

include three of the four Cys residues (Cys121, Cys132 and
Cys165) which are highly conserved in the cytokine receptor
family.

Potential of sIL-6R mutants to mediate the IL-6 signal
NFS60 is a murine myeloid leukaemic cell line which
responds to several cytokines including IL-6 (Weinstein
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Fig. 5. Three-dimensional structural model of the cytokine receptor
family domain of human IL-6R. The wide arrows represent the
presumed (-strands, and narrow strands represent the presumed loops
as predicted by Bazan (1990). The numbers indicate the positions of
some amino acid residues. Small-dotted patches, amino acid residues
showing no influences after substitution; large-dotted patches, amino
acid residues required for binding IL-6; closed patches, amino acid
residues critical for mediating the IL-6 signal but not for binding IL-6
(see Figure 6). The letters ‘C’ represent four Cys residues conserved
in the cytokine receptor family, of which substitutions abolish
IL-6-binding capability. The Trp-Ser-Glu-Trp-Ser motif is indicated in
the one-letter code. Ig, Ig-like domain; TM, transmembrane region.

et al., 1986). Human gp130 cDNA was introduced into
NFS60 and the resulting transfectant, NFS130, was obtained.
The cell-surface expression of human gp130 molecules on
NFS130 cells was confirmed by staining with anti-gp130
monoclonal antibody AM64 (Hibi et al., 1990). As shown
in Figure 6, in the presence of IL-6, NFS130 and NFS60
cells responded to sIL-6R in a dose-dependent manner.
However, NFS130 cells were much more sensitive to sIL-6R
than were parental NFS60 cells. We therefore used NFS130
cells in the biological assay of sIL-6R mutants. The extent
of DNA synthesis initiated by the addition of sIL-6R could
represent a potential of the sIL-6R to mediate the IL-6 signal
through cell surface gp130. In addition to recombinant
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Fig. 6. Responsiveness of NFS130 and NFS60 cells to sIL-6R.
NFS130 or NFS60 cells were cultured as described in Materials and
methods with various concentrations of sIL-6R in the presence of

400 ng/ml IL-6. The responsiveness to each concentration of sIL-6R is
represented as the ratio (in %) of radioactivity of incorporated
[*H]thymidine to the value obtained in the absence of sIL-6R. Vertical
bars represent SD. Horizontal solid and broken lines indicate the
average = SD, respectively, obtained from the culture without sIL-6R.

sIL-6R, culture supernatant of COS-7 cells transfected with
wild-type sIL-6R cDNA (25% v/v) enhanced the DNA
synthesis in NFS130 cells up to ~200% of control,
suggesting that this assay system could be used to evaluate
the potential of sIL-6R mutants to mediate the IL-6 signal.
None of sIL-6R mutants nor the wild-type sIL-6R could
initiate DNA synthesis in NFS130 cells in the absence of
IL-6. By the use of the above biological assay in the presence
of 400 ng/ml of IL-6, the enhancement of DNA synthesis
induced by the addition of each sIL-6R mutant was measured
and compensated for the radioactivity of ['2I]IL-6 bound
to each sIL-6R mutant as measured in the previous section.
The compensated value obtained from each sIL-6R mutant
was represented as the ratio (in %) to that obtained from
wild-type sIL-6R and summarized in Figure 7. sIL-6R
mutants that lacked the IL-6-binding capability as revealed
in Figure 4 were omitted from Figure 7, because none of
them possessed the potential to mediate the IL-6 signal. As
shown in Figure 7, there were seven sIL-6R mutants which
could hardly or no longer transduce the IL-6 signal (indicated
by arrowheads). This result suggests that at least seven amino
acid residues in sIL-6R are critical for mediating the IL-6
signal but not for IL-6-binding. The locations of these
residues are illustrated in Figure 5. Six of these seven
residues (His280, Asp281, Ala282, Gly285, His288 and
Val289) were clustered in a membrane proximal half of the
second ‘barrel’ in this figure.

It was then examined whether these seven sIL-6R mutants
lost the capability to associate with gp130 in the presence
of IL-6. The recombinant extracellular soluble human gp130
(Yasukawa et al., 1992) was labelled with I and mixed
with IL-6 together with the 30-fold concentrated COS-7
culture supernatant containing wild-type or sIL-6R mutants.
After a 30 min incubation, immunoprecipitation was per-
formed with anti-IL-6R monoclonal antibody MT18. As
shown in Figure 8, '*’I-labelled soluble gp130 was co-
precipitated with wild-type sIL-6R, suggesting their physical
interaction. However, when the seven sIL-6R mutants which
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Fig. 7. Potential of sIL-6R mutants that retain IL-6-binding capability
to mediate the IL-6 signal. The value obtained with each sIL-6R
mutant is compensated for its IL-6-binding capability and represented
as the ratio (in %) to that obtained with wild-type sIL-6R. Data
represent the average of at least two independent experiments with
standard deviations. Arrowheads indicate sIL-6R mutants of which
potential to mediate the IL-6 signal was abolished.

could bind IL-6 but could hardly or no longer mediate the
IL-6 signal were used in this assay, '>’I-soluble gp130 was
barely co-precipitated (Figure 8). These results suggest that
the amino acid residues substituted in these mutants are
critical for the interaction with gp130 and thus important
for mediating the IL-6 signal.

Discussion

IL-6 triggers the association of IL-6R with a non-
IL-6-binding cell surface molecule, gp130, at their extra-
cellular regions and gp130 in turn generates the IL-6 signal
(Taga et al., 1989; Hibi er al., 1990). Therefore, the
extracellular region of IL-6R possesses two functions:
IL-6-binding and association with gp130 to generate the IL-6
signal. In the present study, we demonstrate that the cytokine
receptor family domain of IL-6R is responsible for both of
the above functions and that the Ig-like domain is required
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Fig. 8. In vitro association of sIL-6R mutants with soluble gp130.
Concentrated COS-7 culture supernatants containing wild-type sIL-6R
or sIL-6R mutants lacking potential to mediate the IL-6 signal were
mixed with '2°I-labelled soluble gp130 and IL-6, and
immunoprecipitation was performed with the anti-human IL-6R
monoclonal antibody MT18.

neither for IL-6-binding nor for mediating the IL-6 signal.
It has been reported that the NH,-terminal Ig-like domain
is not required for ligand-binding and signalling in the case
of FGF-R and GCSF-R (Johnson et al., 1990; Fukunaga
et al., 1991).

The cytokine receptor family domain has been predicted
to form the ‘double-barrel’ structure (Bazan, 1990). A
crystallographical study has shown that the extracellular
domain of human growth hormone receptor (GH-R), which
belongs to the cytokine receptor family, consists of two
‘barrel’-like domains and that each of these domains contains
seven B-strands as predicted by Bazan (De Vos et al., 1992).
So, the cytokine receptor family domain of IL-6R pre-
sumably forms the ‘double-barrel’ structure, where each
‘barrel’ consists of seven 3-strands and the loops connecting
them. All but one of the critical residues located on the loops
were found in the hinge region between two ‘barrels’ (Figure
5). This result is consistent with that from a mutational study
of human GH-R in which most of the residues critical for
GH-binding could be located in or near the hinge region
(Bass et al., 1991). The involvement of some amino acid
residues in the hinge region of GH-R has been demonstrated
by a crystallographical study of the GH—(GH-R), complex
(De Vos et al., 1992). In the case of the IL-2R §8-chain and

IL-3R, three or four amino acid residues on the loop which

is located in the hinge region and which connects the second
and the third B-strands in the second barrel are critical for
ligand-binding (Imler et al., 1992; Wang et al., 1992).
These findings are similar to ours, in which three amino acid
residues (i.e. Ser247, Phe248 and Arg250) on the loop
equivalent to the one mentioned above are criticai for
IL-6-binding (Figures 4 and 5). The Trp-Ser-X-Trp-Ser
motif conserved in the cytokine receptor family is
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presumably located on the loop in the hinge region (Bazan,
1990; Figure 5). sIL-6R mutants containing substitutions of
at least one of the amino acid residues in this motif showed
no IL-6-binding capability (Figures 4 and 5). Some amino
acid substitutions in the hinge region, including the ones in
the Trp-Ser-X-Trp-Ser motif, made the expression levels of
sIL-6R mutants relatively low (m254b, m301, m303, m304
and m305; 12, 17, 36, 26 and 31% of the wild-type sIL-6R,
respectively), suggesting that the amino acid residues
substituted in these sIL-6R mutants might be important for
protein folding or for the stability of sIL-6R molecule. As
for the IL-2R 3-chain, some amino acid substitutions within
the Trp-Ser-X-Trp-Ser motif affected its expression or
IL-2-binding (Miyazaki et al., 1991). It is not yet clear,
because of the lack of crystallographical information,
whether the hinge region in the IL-6R is involved in the direct
interaction with the IL-6 molecule or whether it is important
for fixing the angle formed by the two ‘barrels’ so that IL-6R
could be properly expressed and possess IL-6-binding
capability.

As for the 8-strands in the double ‘barrels’ of sIL-6R, four
Cys residues conserved among the members of the cytokine
receptor family are predicted to be located on such strands
in the NH,-terminal ‘barrel’ (Bazan, 1990; see Figure 5).
All the sIL-6R mutants containing substitutions in either of
these four Cys residues lacked IL-6-binding capability
(Figure 4). Of these five sIL-6R mutants, m121b and m132
showed very low expression levels (15 and 14% of the wild-
type sIL-6R, respectively, as estimated in the Results
section). So, substitutions of the conserved Cys residues may
disturb overall conformation probably by preventing the
formation of disulfide bonds between them, and may make
the mutant sIL-6R unstable. Most (13 out of 17) of the other
amino acid residues on the predicted 3-strands in the mutants
showing reduced IL-6-binding, are considered to be located
on the same side of each ‘barrel’ (at the front of Figure 5).
This result argues that such amino acid residues are involved
in the direct interaction with IL-6 molecule. This could
support the model proposed by Bazan (1990) in which the
generic binding trough within the cytokine receptor molecule
formed by two ‘barrels’ recognizes its ligand. At present,
we have no structural information about the IL-6/IL-6R
complex determined by X-ray crystallography to confirm
this possibility. Therefore, we cannot exclude another
possible explanation that overall structural changes may have
occurred in such IL-6-binding reduced mutants. At least by
the Chou —Fasman method, it does not seem to be predicted
that severe structural disturbance in 8-strands has occurred
in such mutants except for mutants m256, m278a and m290,
which are predicted to have some disturbance in the 3-strand
structure formation.

The present study revealed that some amino acid residues
in sIL-6R are critical for the potential to mediate the IL-6
signal through gp130 but not for IL-6-binding, and that these
residues are important for the association between IL-6R and
gp130 in the presence of IL-6. All such residues except one
are located in the membrane proximal half of the second
‘barrel’. It is interesting to note that in the case of human
GH-R, amino acid residues in the membrane proximal half
of the COOH-terminal ‘barrel’ of the GH-R molecule interact
with those of another GH-R molecule (De Vos et al., 1992).
Thus, it is possible that the residues in the membrane
proximal half of the second ‘barrel’ of IL-6R may be



involved in the direct interaction between IL-6R and gp130
in the presence of IL-6. There are other possible mechanisms
of the association of gp130 with the complex of IL-6 and
IL-6R: (i) after binding of IL-6, such residues in IL-6R may
cause the IL-6 molecule to be recognized by gp130, or (ii)
gp130 may recognize both IL-6 and IL-6R only in a
complexed form. To elucidate more exactly the molecular
mechanism of the interaction of IL-6, IL-6R and gp130, it
will be necessary to know the three-dimensional structures
of each of the three molecules and of the complex of
IL-6/IL-6R and IL-6/IL-6R/gp130.

It is known that aberrant expression of IL-6 coincides with
several diseases (Kishimoto, 1989; Hirano et al., 1990). In
human multiple myelomas, IL-6 acts as a growth factor for
myeloma cells, and addition of anti-IL-6 monoclonal
antibody inhibited the growth of these cells in vitro and
in vivo (Kawano et al., 1988; Klein et al., 1991). Therefore,
if an efficient inhibitor of IL-6 is developed, it may be applied
for clinical treatments of diseases caused by aberrant
expression of IL-6 such as multiple myelomas. Indeed, anti-
IL-6 monoclonal antibody was able to inhibit the growth of
myeloma cells in a patient with multiple myeloma (Klein
etal., 1990, 1991). A sIL-6R mutant that retained
IL-6-binding capability but does not have the potential to
mediate the IL-6 signal, such as the sIL-6R mutants obtained
in the present study, might be another candidate for this

purpose.

Materials and methods

Deletion and site-directed mutagenesis of sIL-6R

To obtain IL-6RAIg cDNA, pBSF2R.236 (Yamasaki et al., 1988) was
digested with ApaLl followed by digestion with S1 nuclease, and further
with BamHI. The resulting 2.5 kbp fragment was ligated to another 4.5 kbp
fragment which has been obtained by Fspl and BamHI digestion of
pBSF2R.236. To construct IL-6RAFam cDNA, pBSF2R.236 was digested
with Acclll, treated with Klenow fragment, and then digested with Norl.
The resulting 5.7 kbp fragment was ligated to another 0.9 kbp fragment
resulting from Norl and Sspl digestion of pBSF2R.236. To construct sIL-6R
mutants, sSIL-6R cDNA was subcloned into M13mp18 vector from pSVL344
(Yasukawa et al., 1990) and the resulting recombinant M 13 single-stranded
DNA was used as a template. Site-directed mutagenesis was performed using
an oligonucleotide-directed in vitrro mutagenesis system (Amersham) and
synthetic oligonucleotides as primers. The sequences of these primers are
available on request. The resulting sIL-6R mutant cDNAs were inserted
into COS-7 expression vector pSVL (Pharmacia), and sequences of all the
sIL-6R mutant cDNAs were confirmed by sequencing using Sequenase
sequencing kit (USB).

Expression of IL-6R deletion mutants

COP cells were transfected with CDM8 vectors containing IL-6R, IL-6RAIg
or IL-6RAFam cDNAs by the DEAE —dextran method as described by
Yamasaki er al. (1988). Three days after transfection, the cells were stained
with biotinylated IL-6 and FITC-conjugated avidin and analysed for
transiently expressed IL-6R mutants by a FACS as described by Yamasaki
et al. (1988). For permanent expression, 107 cells of murine myeloid
leukaemic cell line M1 were transfected with 10 ug of CDMS8 vector
containing IL-6RAIg cDNA and 1 ug of pSV2neo by electroporation and,
after selection with G418, a transfectant M1IL-6RAIg was obtained as
described by Taga er al. (1989). M1, MIIL-6R and M1IL-6RAIg cells
2 x 10* cells/well, 0.2 ml/well) were cultured with various concentrations
of IL-6 for 64 h, then pulse-labelled with [3H]thymidine (1 uCi/well,
Amersham) for 8 h. The incorporated radioactivity was measured as
described by Taga et al. (1989). The numbers of IL-6 binding sites on M1,
MIIL-6R and M1IL-6RAlg cells were estimated by Scatchard analysis as
described by Taga er al. (1987, 1989).

Immunoprecipitation of siL-6R mutants
COS-7 cells were transfected with the pSVL vectors containing sIL-6R
mutant cDNAs as described above. Three days after transfection, the cells

Structure — function analysis of IL-6 receptor

were labelled with [>*S]methionine (NEN) and each supernatant was
immunoprecipitated with anti-human IL-6R receptor monoclonal antibody
MTI18 (Hirata eral.,, 1989) and protein A —Sepharose 4 Fast Flow
(Pharmacia). The Sepharose beads were washed with RIPA buffer (Harlow
and Lane, 1988) and the immunoprecipitates were analysed by SDS—PAGE
followed by autoradiography. The amounts of immunoprecipitated sIL-6R
mutants were estimated by cutting out the portion of polyacrylamide gel
containing each sIL-6R mutant identified in the autoradiogram and by
subsequent measurement of its radioactivity with a liquid-scintillation counter
(Beckman).

IL-6-binding assay

Recombinant human IL-6 (Yasukawa and Saito, 1990) was '2°I-labelled
using Bolton—Hunter reagent (NEN) as described by Taga er al. (1987).
The IL-6 binding capability of sIL-6R mutants was estimated using
monoclonal antibody MT18-coated microtitre plates (Sumitomo) and
125Llabelled IL-6 as described by Yasukawa er al. (1990).

NFS130 cells

NFS130 cells were obtained by transfecting murine myeloid leukaemic
NFS60 cells (Weinstein ez al., 1986) with pZip130 (Hibi er al., 1990) and
by subsequent selection with G418. Expression of the human gp130 molecule
on the cell surface of NFS130 cells was confirmed by FACS analysis with
the anti-gp130 monoclonal antibody AM64 (Hibi ez al., 1990) and FITC-
conjugated anti-mouse IgG polyclonal antibody. Responsiveness of NFS130
cells to SIL-6R was examined as follows. NFS130 cells (5 x 10*
cells/well) were cultured in Iscove’s modified Dulbecco’s medium (Sigma)
supplemented with fetal calf serum (10%) and various concentrations of
wild-type sIL-6R in the presence of 400 ng/ml -6 for 15 h, then pulse-
labelled with [3H]thymjdine (1 uCi/well) for 6 h. Cells were harvested and
the incorporated radioactivity was measured with a liquid-scintillation counter
(Beckman).

Biological assay of siL-6R

The potential of wild-type or each mutant sIL-6R to mediate the IL-6 signal
was assayed using NFS130 cells. 5 x 10* cells/well NFS130 cells were
cultured as described above with COS-7 culture supernatant (25% v/v)
containing wild-type sIL-6R or each sIL-6R mutant in the presence or absence
of 400 ng/ml of IL-6 for 15 h. [*H]thymidine incorporation was measured
as described above.

In vitro association of sIL-6R with soluble gp130

COS-7 culture supernatant containing wild-type sIL-6R or each of some
sIL-6R mutants was 30-fold concentrated using Centripreig-lo (Amicon).
Partially purified soluble gp130 was prepared and 'Z-labelled with
Bolton—Hunter reagent as described by Yasukawa er al. (1992). '2°1-
labelled soluble gp130 was mixed with the 30-fold concentrated COS-7
culture supernatant and 1 ug/ml of IL-6, incubated for 30 min at 37°C and
immunoprecipitated with monoclonal antibody MT18 and protein
A —Sepharose 4 Fast Flow (Pharmacia). The Sepharose was washed four
times with 10 mM triethanolamine buffer (pH 7.5) containing 1% digitonin
and 0.15 M NaCl at 4°C as described by Taga et al. (1989) and immuno-
precipitated materials were analysed by SDS—PAGE followed by
autoradiography.

Acknowledgements

We thank Koichi Nakano, Kyoko Kubota and Keiko Ono for technical and
secretarial assistance. This work was supported by a Grant-in-Aid from the
Ministry of Education, Science and Culture, Japan, and the Human Frontier
Science Program.

References

Bass,S.H., Mulkerrin,M.G. and Wells,J.A. (1991) Proc. Natl. Acad. Sci.
USA, 88, 4498 —4502.

Bazan,J.F. (1990) Proc. Natl. Acad. Sci. USA, 87, 6934 —6938.

De Vos,A.M., Ultsch,M. and Kossiakoff,A.A. (1992) Science, 255,
306—-312.

Fanslow,W.C., Sims,J.E., Sassenfeld,H., Morrissey,P.J., Gillis,S.,
Dower,S.K. and Widmer,M.B. (1990) Science, 248, 739—-742.

Fukunaga,R., Ishizuka-Ikeda,E., Pan,C.-X., Seto,Y. and Nagata,S. (1991)
EMBO J., 10, 2855—2865.

Harlow,E. and Lane,D. (1988) Antibodies: A Laboratory Manual. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York.

1711



H.Yawata et al.

Hibi,M., Murakami,M., Saito,M., Hirano,T., Taga,T. and Kishimoto,T.
(1990) Cell, 63, 1149—-1157.

Hirano,T., Akira,S., Taga,T. and Kishimoto,T. (1990) Immunol. Today,
11, 443 —449.

Hirata,Y., Taga,T., Hibi,M., Nakano,N., Hirano,T. and Kishimoto,T.
(1989) J. Immunol., 143, 2900—2906.

Holmgren,A. and Brinden,C.-I. (1989) Nature, 342, 248—251.

Imler,J.L., Miyajima,A. and Zurawski,G. (1992) EMBO J., 11,
2047-2053.

Johnson,D.E., Lee,P.L., Lu,J. and Williams,L.T. (1990) Mol. Cell. Biol.,
10, 4728—-4736.

Kawano,M. er al. (1988) Nature, 241, 585—587.

Kishimoto,T. (1989) Blood, 74, 1—10.

Klein,B., Zhang,X.-G., Jourdan,M., Boiron,J.-M., Portier,M., Lu,Z.-Y .,
Wijdenes,J., Brochier,J. and Bataille,R. (1990) Eur. Cytokine Net., 1,
193-201.

Klein,B. et al. (1991) Blood, 78, 1198 —1204.

Miyaura,C., Onozaki,K., Akiyama,Y., Taniyama,T., Hirano,T.,
Kishimoto,T. and Suda,T. (1988) FEBS Lert., 234, 17—-21.

Miyazaki, T., Maruyama,M., Yamada,G., Hatakeyama,M. and Taniguchi,T.
(1991) EMBO J., 10, 3191-3197.

Mosley,B. et al. (1989) Cell, 59, 335—348.

Taga,T., Kawanishi, Y., Hardy,R.R., Hirano,T. and Kishimoto, T. (1987)
J. Exp. Med., 166, 967—-981.

Taga,T., Hibi,M., Hirata,Y., Yamasaki,K., Yasukawa,K., Matsuda,T.,
Hirano,T. and Kishimoto,T. (1989) Cell, 58, 573 —581.

Wang,H.M., Ogorochi,T., Arai,K.I. and Miyajima,A. (1992) J. Biol.
Chem., 267, 979—983.

Weinstein, Y., Ihle,J.N., Lavu,S. and Reddy,E.P. (1986) Proc. Natl. Acad.
Sci. USA, 83, 5010—5014.

Yamasaki, K., Taga,T., Hirata,Y., Yawata,H., Kawanishi,Y., Seed,B.,
Taniguchi,T., Hirano,T. and Kishimoto,T. (1988) Science, 241,
825-—-828.

Yasukawa,K. and Saito,T. (1990) Biotech. Lent., 12, 419—424.

Yasukawa,K. et al. (1990) J. Biochem., 108, 673 —676.

Yasukawa,K., Futatsugi,K., Saito,T., Yawata,H., Narazaki,M., Suzuki,H.,
Taga,T. and Kishimoto,T. (1992) Immunol. Lett., 31, 123—130.

Received on August 20, 1992; revised on December 22, 1992

1712



