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ABSTRACT: Granulocyte-colony stimulating factor (G-CSF) binds to a specific cell surface receptor and
induces signals for growth and differentiation in cells of granulocyte hematopoietic lineage. In order to
understand how G-CSF binding initiates signals into these cells, we have studied its interaction with the
entire extracellular domain of the receptor (sG-CSFR). The sG-CSFR was purified from CHO cell
conditioned media with a G-CSF affinity column, resulting in a preparation fully competent for ligand
binding. However, when sG-CSFR was purified by conventional means, i.e., without affinity chroma-
tography, only about half was competent. Therefore, all studies were carried out using affinity-purified
material. The sG-CSFR exhibited a weak self-association into a dimer with a dissociation constant of
200µM in the absence of G-CSF. Addition of G-CSF dimerizes the receptor, with a preferred stoichiometry
of 2 G-CSF molecules plus 2 receptors. Unexpectedly, receptor dimerization appears to occur through
receptor-receptor interactions rather than through two receptors binding to the same G-CSF molecule;
i.e., G-CSF is a monovalent ligand. G-CSF binding to the receptor monomer occurs with high affinity.
The binding of G-CSF also enhances the receptor-receptor dimerization; when G-CSF is bound to both
receptors, dimerization is enhanced 2000-fold, while the interaction of a 1:1 receptor-ligand complex
with a second ligand-free receptor is enhanced 80-fold. Thus, the mechanism of receptor dimerization is
fundamentally different than that of related cytokine receptors such as growth hormone and erythropoietin
receptors. Circular dichroic spectra showed a small but significant conformational change of receptor
upon binding G-CSF. This is consistent with the idea that G-CSF binding alters the conformation of the
receptor, resulting in an increase in receptor-receptor interactions.

Granulocyte-colony stimulating factor (G-CSF)1 is secreted
by stromal cells in human bone marrow (Fibbeet al., 1988)
and also other cell types such as endothelial cells, macroph-
ages, and fibroblasts after stimulation with cytokines or
endotoxin (Nicolaet al., 1979; Seelentaget al., 1987; Metcalf
& Nicola, 1985; Koeffler et al., 1987). In addition to
regulating the proliferation and differentiation of neutrophilic
progenitor cells in bone marrow, G-CSF also enhances
survival and activation of mature neutrophils (Metcalf, 1985;
Kitagawaet al., 1987; Yanet al., 1987). The effects of
G-CSF on neutrophils and their progenitor cells are mediated
by binding specific, cell surface receptors found so far only
on cells of neutrophilic lineage, myeloid leukemic cells, and
placenta (Nicolaet al., 1985; Parket al., 1989; Uzumakiet
al., 1989).

Murine and human G-CSF receptors (G-CSFR) have been
identified and cloned (Fukunagaet al., 1990a,c, 1991; Nagata
& Fukunaga, 1991). Analysis of the cDNA sequence
revealed that the G-CSF receptor consists of an immuno-
globulin-like (Ig) domain, a cytokine receptor homology
(CRH) module, three fibronectin type III domains, a trans-

membrane domain, and a cytoplasmic domain (Fukunagaet
al., 1990a,c; Nagataet al., 1991). Similar domain structures,
as well as conserved cysteine locations and the WSXWS
sequence of the G-CSF binding domain, are found in other
receptors for various growth factors and cytokines including
interleukin-2 (IL-2), leukemia inhibitory factor (LIF)/oncos-
tatin M (OSM), interleukin-3 (IL-3), interleukin-5 (IL-5),
interleukin-6 (IL-6), granulocyte macrophage-CSF (GM-
CSF), and growth hormone (GH). Although the cytoplasmic
domain has no tyrosine kinase activity, as is also true for
the other cytokine receptors, it is absolutely required to obtain
the proliferative response to G-CSF (Ziegleret al., 1993;
Fukunagaet al., 1991). Binding of G-CSF to the receptor
induces tyrosine phosphorylation of several proteins in
G-CSF-responsive cells, including JAK1, JAK2, and a
transcription factor, STAT3 (Shimodaet al., 1994; Tianet
al., 1994). Involvement of two intracellular protein kinases,
p56 lyn and p72 syk, in the signal transduction pathway has
also been demonstrated (Coreyet al., 1994).

Receptor dimerization and oligomerization induced by
ligand binding have been demonstrated as a common
mechanism of receptor phosphorylation and signal transduc-
tion. The extracellular domains of receptors (soluble recep-
tors) are often used to examine the affinity and stoichiometry
of ligand-receptor interactions in solution. With regard to
G-CSF receptor, Hiraokaet al. (1994a) have shown that the
N-terminal half of the CRH module is sufficient to bind
G-CSF, using anE. coli-derived receptor fragment. This is
consistent with the results from a deletion analysis of the
receptor (Fukunaga etal., 1991). Subsequently, they showed
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that a truncated receptor containing the Ig domain and CRH
modules, derived from recombinant insect cells, self-associ-
ates into a dimer upon G-CSF affinity purification. Incuba-
tion of this dimer with G-CSF converts it to an octameric
complex containing 4 receptors plus 4 G-CSF molecules,
giving a stoichiometry of 1 receptor per 1 G-CSF (Hiraoka
et al., 1994b). In this paper, we have used a CHO cell-
derived soluble receptor containing the entire extracellular
domain (sG-CSFR) and characterized the receptor in terms
of its interaction with G-CSF using native gels, light
scattering, CD, and sedimentation equilibrium.

MATERIALS AND METHODS

Cloning and Expression of sG-CSFR. Primers were
synthesized for PCR amplification of sequences encoding
the extracellular domain of the human G-CSF receptor: 5′-
GCG CTA AGC CTT GTT GCC GCT ATG GCA AGG
CTG GGA AAC T-3′ and 5′-GCG ACT TCT AGA TTA
CTA GTG TAG CTC CGA CCC CTC TGG-3′. PCR
amplifications were done as described by the manufacturer
(Boehringer Mannheim, Indianapolis, IN) in 50µL using 1
ng of a plasmid containing the full-length G-CSF receptor.
Reactions were done for 20 cycles of a sequential step of 1
min heating at 94°C, 1 min heating at 62°C, and 2 min
heating at 72°C. The amplified product was cloned into
the vector PCR II (Invitrogen, San Diego, CA) and verified
by DNA sequencing. The insert encoding a soluble form
of the G-CSF receptor was transferred to the mammalian
expression vector pDSRR (DeClercket al., 1991).
Ten micrograms of each plasmid was independently

introduced into CHO cells by calcium phosphate mediated
transfection (Wigleret al., 1977). Individual colonies were
selected based upon expression of the dihydrofolate reductase
gene from the vector. Expression of sG-CSFR was moni-
tored by RNA hybridization (Huntet al., 1991). Cell lines
which were positive were selected for further expansion and
adapted to 30 nM methotrexate (Mtx) to stimulate amplifica-
tion of sG-CSFR expression.
Conditioned medium containing sG-CSFR was generated

in roller bottles. Roller bottles were inoculated with 2×
107 cells in 200 mL of growth medium [DMEM: Ham’s
F12 (1:1) supplemented with nonessential amino acids, 30
nM Mtx, and 5% fetal bovine serum (reagents from Gibco,
Grand Island, NY)]. Upon reaching confluence in 3-4 days,
the medium was replaced with 200 mL of growth medium
with no serum. Conditioned medium was harvested after
6-7 days.
Preparation of G-CSF and Soluble G-CSF Receptor. sG-

CSFR was purified from CHO cell conditioned media by a
series of column chromatographies including Q-Sepharose
(Pharmacia) and hydroxylapatite (Calbiochem) followed by
either size-exclusion chromatography (SEC) alone or G-CSF
affinity chromatography and SEC. Purified receptor was
stored in aliquots frozen at-70 °C since freeze-thawing
does not seem to adversely affect activity. G-CSF is stable
when stored at 4°C, and the complex was freshly prepared
and purified by Superose 12 SEC as needed.
RecombinantE. coli-derived human G-CSF was prepared

as described previously (Zseboet al., 1986).
Binding Assay of sG-CSFR.The ligand binding activity

of sG-CSFR was determined using two different methods
based primarily on the same principle. One method exploits
the difference in molecular weight between receptor-ligand

complex and uncomplexed receptor. This difference was
visualized after applying samples to a Superose 12 column
(Pharmacia) equilibrated in 100 mM potassium phosphate,
pH 6.7, at room temperature. These conditions were chosen
because previous studies indicated that G-CSF would not
elute well above this pH or in buffers containing moderate
salt concentrations (Watson & Kenney, 1988). To calibrate
the Superose 12 column, molecular weight standards (Bio-
Rad) were run in the same column buffer.
The other method used to quantify G-CSF binding to the

receptor employed native gel electrophoresis. For this
technique, 8% polyacrylamide gels (Novex) were loaded with
approximately 2µg samples, and the gels were run for 6 h
at 40 V using 25 mM Tris, 19.2 mM glycine, pH 8.4 After
running, the gels were stained with Coomassie Blue.
Light Scattering/Size-Exclusion Chromatography.The

instrumentation and methods of data analysis and calibration
have been described previously (Takagi, 1990; Arakawaet
al., 1994; Philoet al., 1994). Briefly, we use three detectors
in series following an SEC column: light scattering, absor-
bance at 280 nm, and refractive index. By using the signals
from all three detectors, together with the polypeptide
extinction coefficients, we are able to determine the molec-
ular weightof the polypeptide(s) onlyfor glycoproteins or
glycoprotein complexes. For protein complexes, the extinc-
tion coefficient, ε, depends on the stoichiometry of the
complex, which is what we are trying to determine.
Therefore, we use a self-consistent, iterative method where
we (1) assume a stoichiometry, (2) calculateε, (3) useε to
calculate the experimentalMr of the complex, (4) check for
self-consistency of the experimentalMr with the stoichiom-
etry assumed, and finally (5) select as correct that stoichi-
ometry which is self-consistent (Wenet al., 1995). For these
studies, a Superdex 200 column (Pharmacia) was used with
0.1 M sodium phosphate, pH 6.9, as the eluant, at a flow
rate of 0.5 mL/min.
Protein Concentrations. Protein concentrations were

determined spectrophotometrically using anε280
0.1% of 2.1 for

the sG-CSFR polypeptide and 0.86 for G-CSF.
CD. The CD spectra were determined on a Jasco J-720

spectropolarimeter at ambient temperature. Cuvettes with
a path length of 1 cm for the near-UV region (340-240 nm)
and 0.02 cm for the far-UV region (250-190 nm) were used.
The mean residue ellipticity was calculated assuming a
mean residue weight of 111.4 for the sG-CSFR and 107 for
G-CSF. The theoretical mean residue ellipticity,θcal, of the
complex was obtained by:

whereN is the number of amino acids of G-CSF(G) or sG-
CSFR(R) in the complex andθG andθR are the respective
experimentally determined mean residue ellipticity. This
equation is based on the assumption that the complex consists
of an equimolar ratio of G-CSF to sG-CSFR.
Melting curves were determined on the same instrument

using the JTC-345 Peltier thermal unit, rectangular cuvettes
with a 0.1 cm path length, and protein concentrations of 0.25
mg/mL for the complex, 0.22 mg/mL for the sG-CSFR, and
0.031 mg/mL for the G-CSF. A heating rate of 20°C/h
was used, sampling the ellipticity at 222 nm every 0.5°C
and the spectra from 240 to 200 nm every 2°C.

θcal )
θGNG + θRNR

NG + NR
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Sedimentation Equilibrium.Studies were carried out in a
Beckman Optima XL-A centrifuge with concentration dis-
tributions monitored by the absorbance at 280 or 230 nm,
using procedures described previously (Philoet al., 1994,
1995). Polypeptide partial specific volumes of 0.7479 and
0.7347 mL/g for G-CSF and sG-CSFR, respectively, were
calculated from their amino acid composition (Laueet al.,
1992). A density of 1.00399 g/mL for PBS was measured
with a Mettler-Paar DMA-02 density meter.
Mixtures of sG-CSFR+ G-CSF were loaded at stoichi-

ometries of 2:1 or 1:1 and a range of sG-CSFR concentrations
from 200 nM to 2µM, in addition to control samples of
each protein by itself. Up to 18 data sets were globally fitted
to various binding models using the program KDALTON
written in-house. These procedures, and the models for
simultaneous binding of two soluble receptors to a single
ligand molecule, have been described previously (Philoet
al., 1994, 1995). For these studies, additional association
models allowing 2:2 receptor-ligand complexes (see Re-
sults) were added to KDALTON.

RESULTS

Biochemical Characterization.sG-CSFR was purified
from CHO cell conditioned media using conventional column
chromatographies alone or in combination with G-CSF
affinity chromatography. Although a high degree of purity
(>95%) can be obtained in the absence of an affinity step
(see ST or 61 in Figure 1), assay of this material forin Vitro
binding to G-CSF shows activity of less than 50%. As
shown in Figure 2, when conventionally purified sG-CSFR
was mixed with G-CSF in excess, and then analyzed by SEC,
a substantial proportion of the receptor eluted alone, un-
complexed with ligand (see 62 vs 52 in Figure 2). Varying
the ratio of G-CSF to receptor did not affect the amount of
complex obtained as long as an excess of G-CSF was
maintained. Depending on the conditioned media prepara-
tion, we have observed a range of binding activity between
30 and 50%. SDS-PAGE of SEC column fractions in

Figure 2 shows no difference in mobility of the sG-CSFR
whether it is capable or incapable of binding G-CSF.
Furthermore, SEC fractions containing nonbinding receptor
were mixed with fresh G-CSF and still found to be
incompetent for ligand binding. This result was supported
by the observation that during G-CSF affinity chromatog-
raphy, at least half of the sG-CSFR flowed through the
column without binding. As before, this unbound receptor
was found not to bind to the column upon reloading.
However, receptor which bound to and was eluted from
G-CSF-Sepharose nearly completely rebound G-CSF both
in solution and on the column. A small percentage (∼5%)
of affinity-purified receptor was observed to be nonbinding
to the ligand but could be removed by preparative SEC. As
seen in Figure 3 (fraction 52), this inactive species elutes
ahead of the active material and most likely corresponds to
receptor inactivated during elution from the ligand affinity
column.

Besides SEC, the other technique used to detect binding
of G-CSF to purified soluble receptor was native gel
electrophoresis. In both methods, the unbound proteins are
resolved from the receptor-ligand complex. Figure 4 shows
a native gel loaded with purified receptor (lane 1), a mixture
of G-CSF and sG-CSFR (lane 2), purified complex (lane
3), and purified G-CSF (lane 4). Purified sG-CSFR always
appears as a diffuse, poorly resolved band regardless of
whether it is affinity-purified or not. Once receptor is mixed
with G-CSF, however, a slower migrating, sharp band
appears. As seen in Figure 4, this sharp band comigrates
with the complex purified by SEC. The advantage in using
this method to check activity is that very little material is
used. The disadvantage of this procedure is the difficulty
in quantitating unreacted receptor, due to its diffuse banding.

Light Scattering Analysis. To further probe the receptor-
ligand interactions and binding stoichiometry, we have used
SEC with light scattering detection to study each protein
alone, and mixtures of the two proteins made at various
stoichiometries. The chromatograms for G-CSF and sG-
CSFR alone are shown in Figure 5A,B, respectively, and
data analysis gives polypeptide molecular weights of 18 000

FIGURE 1: Preparative SEC and SDS-PAGE of sG-CSFR. (A)
Elution profile of a 600 mL Superose 12 column loaded with 32
mg of partially purified receptor. The column was run at 0.4 mL/
min in 100 mM potassium phosphate, pH 6.7, and monitored at
280 nm with 4 mL fractions collected. (B) SDS-PAGE of Superose
12 column fractions. Fifteen microliters of column fractions from
51 to 75 was loaded under reducing conditions on 4-20% gels,
along with 6µL each of column load and Novex Mark 12 MW
standards (Mk). After running at 150 V for 2 h, protein was
visualized by Coomassie Blue staining.

FIGURE 2: Preparative SEC chromatogram and SDS-PAGE of
G-CSF receptor complex. (A) Elution profile of Superose 12 loaded
with a mixture of 45 mg of sG-CSFR and 18 mg of G-CSF. Column
conditions were the same as described in Figure 1A. (B) SDS-
PAGE of Superose 12 column fractions, see Figure 1B for
description.
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and 68 000, as expected for monomers of each protein
(Table 1).

Next, we injected a mixture made with approximately 2
receptors per G-CSF (mixture 1). As shown in Figure 5C,
this resulted in the appearance of a new band eluting prior
to the receptor alone, as well as some free receptor, and no
free G-CSF. The experimentalMr of the complex is 166 000

when we use an extinction coefficient corresponding to a
stoichiometry of 2 receptors per G-CSF, and is 177 000 if
we use an extinction coefficient corresponding to either 1
receptor per G-CSF or 2 receptors plus 2 G-CSFs. Since
the theoreticalMr is 86 100, 153 500, or 172 200 for 1:1,
2:1, or 2:2 sG-CSFR-G-CSF complexes, respectively, we
see that we can clearly reject both 1:1 and 2:1 stoichiom-
etries. Although the data are not a perfect match for a 2:2
stoichiometry (we generally obtain consistency within 3%
or better), we conclude that this sample is mostly 2:2
complex.

Similar studies on a mixture made with approximately
equimolar amounts of sG-CSFR and G-CSF (mixture 2) gave
the results shown in Figure 5D. In this case, the majority
of both proteins elute as a complex with an elution position
very slightly earlier than the sample made at 2:1 stoichio-
metry; the light scattering results are consistent with a 2:2
stoichiometry. Lastly, Figure 5E shows data for a mixture
made with 2 G-CSFs per sG-CSFR (mixture 3). This sample

Table 1: Determination of the Stoichiometry of sG-CSFR-G-CSF Complexes in Different Mixtures Using Light Scattering+ SECa

proteins or complexes assumed stoichiometry ε [mg/(mL‚cm)] experimentalMr theoreticalMr

correct
assumption?

sG-CSFR 2.12 68 000 67 329
G-CSF 0.86 18 000 18 799
1 G-CSF per 2 sG-CSFR 1 sG-CSFR:1 G-CSF 1.85 177 000 86 100 no

2 sG-CSFR:1 G-CSF 1.96 166 000 153 500 no
2 sG-CSFR:2 G-CSF 1.85 177 000 172 200 yes

2 G-CSF per 2 sG-CSFR 1 sG-CSFR:1 G-CSF 1.85 172 000 86 100 no
2 sG-CSFR:1 G-CSF 1.96 162 000 153 500 no
2 sG-CSFR:2 G-CSF 1.85 172 000 172 200 yes

4 G-CSF per 2 sG-CSFR 1 sG-CSFR:1 G-CSF 1.85 174 000 86 100 no
2 sG-CSFR:1 G-CSF 1.96 164 000 153 500 no
2 sG-CSFR:2 G-CSF 1.85 174 000 172 200 yes

a All molecular weights and extinction coefficients in this table reflect only the polypeptide component of each protein or complex.

FIGURE 3: Preparative SEC chromatogram and SDS-PAGE of
G-CSF affinity-purified sG-CSFR. A 600 mL Superose 12 column
was loaded with 19 mg of sG-CSFR which had been purified using
G-CSF-Sepharose. Column conditions were the same as those
described in Figure 1.

FIGURE 4: Native gel electrophoresis of G-CSF, sG-CSFR, and
complex. Approximately 2µg of the following was loaded on an
8% Novex polyacrylamide gel as described under Materials and
Methods: lane 1, purified sG-CSFR; lane 2, purified sG-CSFR plus
G-CSF; lane 3, SEC purified complex; lane 4, G-CSF.

FIGURE 5: Size-exclusion chromatograms of sG-CSFR (panel A),
G-CSF (panel B), mixture 1 (panel C), mixture 2 (panel D), and
mixture 3 (panel E). Mixtures 1, 2, and 3 were made at molar ratios
of 2 sG-CSFR to 1 G-CSF, 2 sG-CSFR to 2 G-CSF, and 2
sG-CSFR to 4 G-CSF, respectively. The light scattering signal (LS)
is shown as a solid line, the refractive index signal (RI) as a dashed
line, and the absorbance signal at 280 nm (UV) as a dotted line.
The vertical line indicates the center of the first peak in mixture 1;
the peaks in mixtures 2 and 3 elute very slightly earlier.
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shows a considerable amount of unbound G-CSF, as well
as a trace of free receptor (which we believe to represent
∼4% of receptor which is inactive for binding G-CSF in
this material which had been frozen after affinity purifica-
tion), and again the light scattering data are consistent with
a 2:2 stoichiometry.

A second approach to determining the stoichiometry of
these complexes is to infer it from the proportions of the
receptor and ligand which are not incorporated into the
complexes. This latter approach suffers from any inaccuracy
in making up the samples at precisely the desired stoichi-
ometry, and in this case from additional errors arising both
from the fact that we do not consistently see 100% recovery
of the proteins injected and from the presence of a small
portion of inactive receptor. Therefore, within error, the
amounts of uncomplexed receptor and ligand in mixtures 2
and 3 are entirely consistent with the 2:2 stoichiometry
derived from light scattering. Further, in mixture 1 we see
40% of the total receptor remaining uncomplexed,i.e.,
significantly less than the 50% expected if theonly form of
complex is a 2:2 complex. This strongly suggests that
complexes with 2 receptors per G-CSF also form. The data
for mixture 1 would then indicate that it has approximately
40% of the receptor in 2:2 complexes and 20% in 2:1
complexes. We have studied mixtures made at either 1 or
2 G-CSFs per 2 receptors on several occasions, always with
similar results.

The behavior of this system when ligand is in excess
(mixture 3) is strikingly different than the behavior seen in
similar studies of EPO binding to the extracellular domain
of the EPO receptor (Philoet al., 1996), where excess ligand
leads to a depolymerization from 2:1 to 1:1 sEPOR-EPO
complexes. In order to confirm that the stoichiometry of
the sG-CSFR+ G-CSF complexes remains unchanged when
G-CSF is in great excess, we also injected a mixture similar
to mixture 3 into a column in which 0.27 mg/mL G-CSF
was also presentin the elution buffer. This resulted in both
an elution position and a molecular weight from light
scattering unchanged from those in mixtures 2 or 3.

Studies of G-CSF Interactions with sG-CSFR by Sedi-
mentation Equilibrium. Sedimentation equilibrium is a
powerful technique for studying protein-protein interactions,
and we have previously applied it to determine binding
stoichiometries and to quantitate the binding affinities of
other soluble receptor extracellular domains and their cognate
ligands, such as sTrkB+ brain-derived neurotrophic factor
and sTrkC+ neurotrophin-3 (Philoet al., 1994), sHer2 or
sHer3+ neudifferentiation factor (heregulin) (Horanet al.,
1995), and sEPOR+ EPO (Philoet al., 1996). To use this
approach, we must first establish the sedimentation behavior
of each protein when run by itself.

Our initial sedimentation equilibrium studies of sG-CSFR
suggested a tendency to weakly homodimerize even in the
absence of ligand. However, due to glycosylation hetero-
geneity, sG-CSFR has a wide spread in molecular weight.
This makes it difficult to distinguish weak dimerization from
molecular weight heterogeneity, and the fits to a monomer-
dimer association model showed systematic deviations. We
therefore tried to narrow this distribution of glycosylation
by using only the central portion of the peak from preparative
SEC. Studies of this material confirmed the weak self-
association of sG-CSFR, giving a monomer-dimer dissocia-

tion constant of 200 [140-310]2 µM, a receptor buoyant
molecular weight,3Mb, of 24 110 [23 900-24 330], and good
quality fits. Assuming the polypeptide portion of sG-CSFR
has the expected sequence molecular weight of 67 322, and
using the calculated polypeptideVj and an estimated carbo-
hydrateVj (Philo et al., 1994), this measuredMb implies a
carbohydrate molecular weight of 17 600 [14 900-19 600].
Control studies of G-CSF alone were consistent with a
monomer at the sequence molecular weight of 18 799, with
no tendency to form oligomers.
Mixtures of sG-CSFR and G-CSF prepared at 2:1, 1:1,

1:2, or 1:5 stoichiometries have been studied by sedimenta-
tion equilibrium over a wide range of protein concentrations
and rotor speeds. Freshly prepared, affinity-purified sG-
CSFR was used in these studies to minimize the amount of
inactive receptor. Even without a detailed quantitative
analysis, it was immediately obvious that sG-CSFR is easily
and extensively dimerized by G-CSF, but that the pattern of
receptor dimerization was strikingly different than the
behavior we have previously observed for sTrkB, sTrkC, and
sEPOR, which are also dimerized by their cognate ligands.
In particular, dimerization of these other receptors decreases
rapidly when the ligand concentration exceeds the minimum
necessary to make a stoichiometric complex (1 EPO per 2
sEPOR, or 1 neurotrophin dimer per 2 TrkB or 2 TrkC),
whereas sG-CSFR appears to be extensively dimerized over
the entire range from 0.5 to 5 G-CSF molecules per receptor.
Figure 6 shows some sedimentation equilibrium data for

a sample loaded with 2µM sG-CSFR+ 4 µM G-CSF. Only

2 Values within square brackets indicate 95% confidence intervals
for fitted parameters.

3 The quantity directly measured by sedimentation equilibrium is
not the total molecular weight,Mr, but rather the buoyant molecular
weight, given byMb ) Mr(1- VjF), whereVj is the protein partial specific
volume andF is the solution density.

FIGURE 6: Sedimentation equilibrium of 2µM sG-CSFR+ 2 µM
G-CSF at 8000 rpm. The natural log of the absorbance at 280 nm
is plotted versus (r2 - ro2)/2, wherer is the radius andro is the
radius at the center of the sample. In this type of plot, a single
species will give a straight line whose slope is proportional to
molecular weight. Thesolid line illustrates the slope calculated for
a complex of two s-GCSFR plus two G-CSF molecules. Thedashed
line illustrates the slope for a complex of two sG-CSFR and one
G-CSF. Only data for the outer half of the sample (which will
contain the highest molecular weight species) are shown.
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the data for the outer portion of the sample are shown, which
will primarily contain the highest molecular weight species.
In this type of plot, a single species will give a straight line
whose slope is proportional to its buoyant molecular weight.
The solid line in the figure indicates the slope calculated for
a complex containing 2 sG-CSFR and 2 G-CSF molecules,
while the dashed line indicates the slope for a complex with
2 sG-CSFR and 1 G-CSF molecule. The fact that the slope
approaches that of a 2:2 complex, and is clearly above that
for a 2:1 complex, strongly suggests that 2:2 complexes exist.

Consistent with a preferred 2:2 binding stoichiometry,
attempts to quantitatively fit the sedimentation equilibrium
data for sG-CSFR+ G-CSFRmixtures to 2:1 binding models
were entirely unsatisfactory, showing large, systematic
deviations, particularly for the data with excess G-CSF. These
binding models include all possible thermodynamic schemes

for the binding of two receptors to two binding sites on the
same ligand molecule: (1) two equivalent, noninteracting
sites; (2) two nonequivalent, noninteracting sites; (3) two
equivalent sites with cooperativity; (4) two nonequivalent
sites with cooperativity.4 These models (Figure 7) do not,
however, include the possibility of receptor self-association
in the absence of ligand, which we have shown to exist for
sG-CSFR. We therefore also constructed models in which
receptor homodimerization is added to models 1 or 2 above.
In these models (5 and 6), receptor binding to G-CSF
becomes highly cooperative, because the binding of a second

4 The sequential binding model used for human growth hormone
(de Voset al., 1992) in which the second site does not exist until the
first site is occupied by receptor is really a special case of model 4 in
which the intrinsic affinity of one site is vanishingly small but there is
a large positive cooperativity.

FIGURE 7: Models for ligand interactions with soluble receptor extracellular domains. The models are actually defined by the indicated
reaction pathways and binding constants. The pictures of the receptors and ligands are schematic, and any changes in structure upon ligand
binding are meant only to illustrate different affinity states rather than specific structural features or mechanisms.
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receptor adds a receptor-receptor bond as well as a second
receptor-ligand interaction. However, models 5 and 6 are
also unable to satisfactorily explain the data.
We therefore explored binding models compatible with a

2:2 stoichiometry and which also allow for receptor ho-
modimerization in the absence of ligand (Figure 7). In one
class of such models, the binding of ligand induces confor-
mational changes in the receptor which enhance its self-
association. In model 7, this enhanced self-association occurs
whenever at least one of the receptors has already bound

ligand. In model 8, the enhanced self-association exists only
whenboth receptors have already bound ligand. Model 9
is more general than model 7 or 8, allowing three different
receptor self-association constants depending on whether 0,
1, or 2 ligands are bound to the receptor dimer.
Fitting the sedimentation equilibrium data to model 7 gives

a significant improvement over any of the 2:1 stoichiometry
models, but this fit is still not entirely satisfactory. Model
8 finally gives a reasonably good fit to all the data. For this
fit, the weak intrinsic self-association of ligand-free sG-CSFR
(dissociation constantKdim,1 in the model) and the buoyant
molecular weights of G-CSF and sG-CSFR were held fixed
at the values determined when they were run separately, so
the only binding parameters being fitted are those for G-CSF
binding to monomeric sG-CSFR,K1, and that for the self-
association of two liganded receptors,Kdim,2 (G-CSF binding
to a singly-ligated receptor dimer,K2, can be calculated once
these are known). This fit gives a value forKdim,2 of 99
[91-104] nM. This implies a 2000-fold stronger association
between two liganded receptors than when one or both are
ligand-free (and consequently implies a 2000-fold higher
G-CSF binding affinity when G-CSF binds to a singly-
liganded receptor dimer). The G-CSF dissociation constant
for receptor monomers,K1, is too high to be well determined
by these data, because there is so little dissociation at the
lowest protein concentrations that give reasonable absorbance
signals (∼50 nM). The best-fit value ofK1 is 14 pM, but
the 95% confidence interval ranges all the way from 0
(effectively infinitely strong binding) to 1.9 nM.
A still better fit can be obtained with model 9. The

improvement in variance after the addition of an additional
parameter in this model is small, but statistically significant
(F < 0.001). The fit to model 9, shown in Figure 11, gives
a receptor-receptor dissociation constant for two liganded
receptors,Kdim,3, of 100 [92-107] nM. This value is
indistinguishable from the value for the same reaction under
model 8, and again implies a 2000-fold enhancement of
G-CSF binding affinity to singly-ligated receptor dimers. The
dissociation constant for a singly-liganded receptor dimer,
Kdim,2, has a best-fit value of 2.4 [1.9-3.7]µM, which implies
an 80-fold stronger association between a liganded and a
ligand-free receptor relative to the association of ligand-free
receptors. The G-CSF dissociation constant for receptor
monomers,K1, is again too high to be well determined by
these data, with a best-fit value of 14 pM [0-1.7 nM].
We also explored a very different binding model which

also allows the existence of both 2:1 and 2:2 receptor-ligand
complexes, model 10. In this model, each G-CSF molecule
has two sites which can simultaneously interact with two
different receptor molecules (a feature seen for GH and EPO,
for example), and each receptor is also capable of simulta-
neously interacting with two G-CSF molecules, as well as
self-associating into receptor dimers in the absence of ligand.
We were totally unable to obtain good fits to this model.
CD. The sedimentation equilibrium analysis indicated

possible conformational changes in the receptor upon binding
ligand, and, therefore, CD was used to see if such changes
occur. The far-UV CD spectra of sG-CSFR, G-CSF, and
the purified complex are shown in Figure 9A, while a
comparison of the empirically derived spectra assuming a
2:2 complex is shown in Figure 9B. The far-UV CD
spectrum of sG-CSFR (broken line in Figure 9A) has the
230 nm positive peak which we have been able to attribute
to ring stacking inâ-structures in other proteins (Narhiet
al., 1993). The rest of the spectrum is consistent with a

FIGURE 8: Sedimentation equilibrium data, fitted curves, and
residuals for sG-CSFR+ G-CSF mixtures. Data for six samples
made with 0.5, 1, or 2 G-CSF per sG-CSFR were recorded at 5800,
7000, and 8000 rpm, and globally fitted to a binding model where
each G-CSF molecule interacts with a single receptor molecule,
and the binding of G-CSF to receptor alters its association into
receptor dimers (model 9, Figure 7). The sG-CSFR loading
concentration varied from 0.2 to 2µM, and data were scanned at
either 280 or 230 nm. Theupper panelshows the raw data and the
fitted curves withK1 ) 14 pM,Kdim,2 ) 2.4µM, andKdim,3 ) 100
nM. The data for different samples have been successively shifted
upward by 0.25 absorbance unit for the sake of clarity, while the
different rotor speeds for each sample are overlaid. Thelower panel
shows the residuals (experimental minus fitted values) for all 18
data sets, with each successive data set shifted vertically by 0.03
absorbance unit to reduce overlap. The overall rms deviation for
the 2360 data points is 0.0073 absorbance unit.
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protein containing bothâ-sheet and random coil structure.
The G-CSF spectrum (-‚‚-) indicates a protein containing
about 62%R-helix, as we have seen before, and the spectrum
(solid line) of the complex contains aspects of both individual
proteins. When the theoretical 2:2 complex spectrum (solid
line in Figure 9B) was compared to the experimental
spectrum (-‚‚-) of the complex, the experimental spectrum
appears to be less intense than the theoretical spectrum
obtained by the addition of the spectra of the two individual
molecules, resulting in the difference spectrum shown in
Figure 9B (broken line).

The near-UV CD spectra of G-CSF (-‚‚-), sG-CSFR
(broken line), and the purified complex (solid line) are shown
in Figure 10A, with the comparison of the experimental and
theoretical spectra of the 2:2 complexes shown in Figure 10B.
The spectrum of sG-CSFR has positive features at 296 nm
(Trp), 289 nm (Trp), 283 nm (Tyr) and a plateau from 260
to 280 nm (Phe and Tyr). G-CSF has positive peaks at 293
and 283 nm at this pH. The complex has the features of the
sG-CSFR, with the 283 nm peak better defined, due to the
contributions of G-CSF in this region. The difference
spectrum (broken line in Figure 10B), i.e., theoretical-
experimental, shows weak negative (around 290 nm) and
positive (245 to 280 nm) signals, suggesting minor changes
in the overall conformation upon complex formation.

The melting temperature of both sG-CSFR and the
complex was measured by following changes in ellipticity
at 215, 232, and 222 nm while heating from 25 to 87°C.
sG-CSFR has a midtransition temperature,Tm, of about 45
°C, and begins to melt at about 40°C, while the G-CSF has
a Tm of 60 °C and aggregates upon melting. It was very
difficult to assess the Tm of the complex, due to the small
total change in ellipticity resulting from the opposing changes
in signal from the component molecules. However, it
appears that the receptor and the G-CSF melt independently,
and at temperatures very similar to those of the individual
proteins (47 and 60°C), suggesting that the complex
dissociates below or at theTm of sG-CSFR.

DISCUSSION

Deletion mutations have shown that the extracellular
domain of the G-CSF receptor is sufficient for ligand binding,
but signal transduction requires the transmembrane and
cytoplasmic domains (Fukunagaet al., 1991). The minimal
requirement for ligand binding appears to be the N-terminal
100 amino acids of the CRH module, but an affinity identical
to that of the full-length receptor is obtained for an Ig-CRH
construct of∼300 amino acids. Here we have expressed
the entire extracellular domain of the receptor in CHO cells
for studying the interaction of soluble receptor (sG-CSFR)

FIGURE 9: Far-UV CD spectra. (A) Far-UV CD spectra of G-CSF
(-‚‚-), sG-CSFR (- - -), and the purified 2:2 complex (s) obtained
as described under Materials and Methods. (B) Theoretical far-
UV CD spectrum of the 2:2 sG-CSFR-G-CSF complex (s)
calculated using the procedure described under Materials and
Methods, the experimental spectrum (-‚‚-), and the difference
spectrum (- - -) obtained when the experimental spectrum is
subtracted from the theoretical spectrum.

FIGURE 10: Near-UV CD spectra. (A) Near-UV CD spectra of
G-CSF (-‚‚-), sG-CSFR (- - -), and the purified 2:2 complex (s),
obtained as described under Materials and Methods. (B) Theoretical
near-UV CD spectrum of the 2:2 sG-CSFR-G-CSF complex (s)
calculated as described under Materials and Methods, the experi-
mental complex spectrum (-‚‚-), and the difference spectrum
(- - -) obtained by subtracting the experimental spectrum from the
theoretical spectrum.
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with G-CSF in solution. The CHO cell-derived sG-CSFR
purified by conventional chromatography consistently showed
that more than half of the material is incompetent for binding
G-CSF. All attempts to identify any difference between
competent and incompetent receptor forms failed, with both
SDS and native gel analyses and rp-HPLC showing no
difference in the molecular weight, hydrophobicity, or charge
between the two forms. Because of this heterogeneity, we
have used the affinity-purified, fully competent receptor for
all characterization studies.
Receptor Self-Association.We have observed that the

CHO cell-derived receptor is a monomer independent of the
purification procedure, i.e., whether it was purified by affinity
chromatography or conventional column chromatography,
as determined by SEC/light scattering. This is consistent
with the observation by sedimentation equilibrium that the
receptor only weakly dimerizes in the absence of ligand. The
dissociation constant of 200µM (∼13 mg/mL) is much
higher than the concentrations used for SEC/light scattering
and native gel analysis or sedimentation equilibrium of the
receptor-ligand mixtures. The self-dimerization of sG-CSF
receptor alone is, to our knowledge, the first demonstration
of this behavior among various soluble receptors tested.
These results may be consistent with the observation that

the receptor purified from NFS-60 cells showed mainly a
monomeric form with only negligible amounts of dimer and
oligomers (Fukunagaet al., 1990b). However, these results
are totally in contrast to the result of Hiraokaet al. (1994b),
who produced a two-domain receptor, Ig-CRH, using a
baculovirus expression system and characterized the ex-
pressed protein by SEC. Their Ig-CRH receptor was
secreted as a monomer, and converted mainly to a nonco-
valently associating dimer when purified by G-CSF affinity
chromatography. Since G-CSF dimerizes the receptor, it
may be possible that the Ig-CRH domain produced in insect
cells is induced to self-associate irreversibly into dimer after
binding to G-CSF. The full-length, glycosylated sG-CSF
receptor produced in mammalian cell culture does not show
any irreversible dimerization.
The fact that we see weak receptor dimerization even in

the absence of ligand raises the possibility of significant
dimerization of the holoreceptor on a cell surface in the
absence of G-CSF. If we translate the 200µM Kd for
spontaneous dimerization of sG-CSFR into the equivalent
surface density of membrane-bound receptor, this corre-
sponds to approximately 105 receptors uniformly distributed
over a cell of 10µM diameter.5 Thus, since G-CSF-
responsive cells typically have only∼2000 receptors/cell
(Fukunagaet al., 1990c), ligand-free receptors are unlikely
to dimerizein ViVo unless they are strongly clustered on the
cell surface, or unless the transmembrane or intracellular
domains of the receptor promote further receptor self-
association in the absence of ligand. On the other hand, the
∼80-fold enhancement of the association of a ligand-bound
receptor with a ligand-free receptor may be sufficient to give
dimerization (and presumably signaling)in ViVo. That is,
at low G-CSF concentrations, 2:1 complexes may contribute
significantly to the signaling mechanism.
Ligand Binding. Native gels and SEC/light scattering

showed binding of the G-CSF to the receptor, with the latter
technique also demonstrating receptor dimerization. Sedi-

mentation equilibrium data were best described by a model
in which G-CSF interacts with only one receptor, but not
by a model in which G-CSF binds two receptors simulta-
neously. Thus, there is only one receptor binding site per
G-CSF, and hence G-CSF is not a bivalent ligand like GH
or EPO. Haniuet al. (1996) also observed a 1:1 relative
stoichiometry for these receptor-ligand complexes by
quantitating the amount of each protein in the complex. A
large increase (∼2000-fold) in receptor dimerization was
observed upon G-CSF binding, with a preferred stoichiom-
etry of 2 receptor:2 G-CSF, each receptor binding 1 G-CSF
molecule. We have also observed a complex containing 2
receptors per G-CSF, in this case only 1 of the 2 receptors
binding G-CSF, especially for samples made at 2:1 stoichi-
ometry. In this 2:1 complex, receptor dimerization was only
80-fold enhanced.
Since the G-CSF is not bivalent, as described above, we

believe the observed enhanced receptor dimerization dem-
onstrates a direct receptor-receptor interaction to form a
dimer. In principle, enhanced receptor dimerization after
G-CSF binding could result from new bonds between G-CSF
molecules. That is, conceivably the binding of a receptor
to G-CSF could induce a conformational change in G-CSF
which causes it to bind to a second G-CSF molecule.
However, we believe such a model is not supported by the
data. First, if this model were true, when G-CSF is in great
excess one would expect to see some complexes with 1
receptor and 2 G-CSFs. We did not see this even when
G-CSF was included in the solvent for SEC studies (ef-
fectively an infinite excess). Second, formation of a 2:1
complex is not favored in this model, and the 200µM
intrinsic affinity of receptors for each other is not sufficient
to account for the 2:1 complexes we observe. Furthermore,
it seems unreasonable to propose that receptor-ligand
interactions would create an entirely new binding interface
in G-CSF rather than modulating a receptor-receptor
interaction that exists in the absence of ligand. Therefore,
we conclude that binding of G-CSF increases the binding
affinity between receptors, suggesting a G-CSF-induced
conformational change in the receptor. This is consistent
with the CD data, as discussed below.
High-affinity binding of G-CSF to the receptor,∼14 pM,

was observed by sedimentation equilibrium, although we can
only say with high confidence that theKd is less than∼2
nM. Nevertheless, the results show that G-CSF binds to the
receptor by a high-affinity interaction, comparable to the
single class of high-affinity receptor (Kd ) 100-500 pM)
observed on neutrophilic granulocytes as well as myeloid
leukemia cells (Nicola & Peterson, 1986; Parket al., 1989;
Fukunagaet al., 1990b). Transfection of receptor cDNA
showed a single high-affinity binding with aKd of 100-
300 pM, indicating that the protein encoded by the cDNA
constitutes high-affinity binding protein for G-CSF (Fuku-
nagaet al., 1990c). We should note, however, that the
affinities reported for membrane-bound receptors do not
necessarily represent the intrinsic single-interaction affinities,
as we have discussed elsewhere (Philoet al., 1996).
Hiraokaet al. (1994a) expressed an N-terminal half (∼100

amino acids) of the CRH module inE. coli as a fusion to
maltose binding protein (MBP). The receptor, upon removal
of MBP, showed binding to G-CSF with aKd of 30-80 nM
and a stoichiometry of 1:1. No dimerization was observed
with this form of the receptor, suggesting that other domains
are required for dimerization. Hiraokaet al. (1994b) also

5 For a discussion of translating solution affinities into a two-
dimensional membrane-bound context, see Philoet al. (1996).
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revealed that with the Ig-CRH receptor, the affinity-purified
dimeric form is converted to a noncovalently associating
tetramer when mixed with an equimolar amount of G-CSF.
Although the stoichiometry of 1 G-CSF to 1 receptor in this
tetrameric receptor is identical to our dimeric receptor, it
would appear that this represents a dimer of the 2:2
complexes we observe.
In the same study, when less than equimolar amounts of

G-CSF were used, a larger fraction of dimeric Ig-CRH was
able to bind one or two G-CSF molecules without forming
a tetrameric receptor. This G-CSF concentration-dependent
conversion of the Ig-CRH between dimer and tetramer is
totally different from our observations.
Receptor Conformation.The CRH module present in the

G-CSF receptor is common to many other cytokine receptors.
The extracellular domain of the GH receptor primarily
consists of a CRH module, whose structure is characterized
by two domains each with sevenâ-strands (deVoset al.,
1992). The sG-CSFR shows CD spectra typical ofâ-sheet
structure, suggesting that the other domains also assume
â-sheet structures or do not contribute to the CD spectra.
Figure 11 shows the far-UV CD spectrum of sEPOR (-‚‚-)
(L. O. Narhi, unpublished results), which consists primarily
of only one CRH module. It is similar to the spectrum of
sG-CSFR (solid line), suggesting that the CRH domain has
a common fold. The observed difference between the spectra
of sG-CSFR and sEPOR may reflect contributions from the
extra domains present in the sG-CSFR. These spectra are
different from the far-UV CD spectrum of the N-terminal
half domain of CRH reported by Hiraokaet al. (1994a),
which shows no minimum around 215 nm and is character-
ized by a smooth descending curve from 230 to 203 nm,
similar to the spectrum of a protein containing primarily
disordered structure.
Conformational changes of receptors upon ligand binding

have also been suggested as a possible mechanism of signal
transduction and/or receptor dimerization (Greenfieldet al.,
1984; Timmet al., 1992). CD analysis of the 2:2 complex
indicated the possibility of small conformational changes
either in the receptor or in the G-CSF, or both. The
conformational change most likely occurred in the receptor
upon binding G-CSF, which resulted in an increased affinity
of the receptor for dimerization. Receptor-receptor interac-
tion is most favorable when both receptors are liganded,
intermediate when only one receptor in the dimer is liganded,
and very weak when ligand-free forms dimerize.
Unexpectedly from its broad band on native gel analysis,

sG-CSFR exhibited a sharp band upon forming a complex

with G-CSF. Although the reason for this sharpening is not
clear, this behavior may reflect conformational changes of
the receptor induced by binding G-CSF, as observed by CD.

Comparison with Other Receptors.Comparison of sG-
CSFR with GH and EPO receptors demonstrates the unique
nature of sG-CSFR. GH, EPO, and G-CSF all are mono-
meric ligands; i.e., they have no tendency to dimerize in
solution (Cunninghamet al., 1991a,b; Daviset al., 1987).
GH and EPO dimerize their cognate receptors due to their
bivalent nature; i.e., these ligands have two apparently
asymmetric binding sites with differential affinities and bind
two receptors simultaneously (deVoset al., 1992; Cunning-
hamet al., 1991b; Philoet al., 1996). Other ligands, such
as IL-3, IL-5, GM-CSF, IL-6, LIF/OSM, and IL-2, whose
receptors are also characterized by a CRH module, are more
complex in their interactions with receptor. These ligands
require the presence of two co-receptors for signal trans-
duction and are believed to cause heterodimerization of these
co-receptors. In this sense, these ligands are therefore also
believed to be bivalent. IL-6 is known to form a hexameric
complex comprising 2 IL-6, 2 GP130, and 2 IL-6 receptors
(Paonessaet al., 1995), but the exact nature of the interactions
between the other ligands and their receptors is yet to be
characterized.

Fuhet al. (1992) constructed a chimeric receptor consisting
of the GH CRH module with fibronectin, transmembrane,
and cytoplasmic domains from G-CSF receptor. They
transfected this receptor into IL-3-dependent cells and
observed that the transfected cells were stimulated to
proliferate by GH, but not by G-CSF. Therefore, at least
with regard to this particular activity, whether receptor is
dimerized by a divalent ligand (GH) or a monovalent ligand
(G-CSF) makes no difference in signal transduction.

Physiological ReleVance of sG-CSFR.Binding proteins
for many cytokines have been found in serum (Unterman,
1993; Peetreet al., 1988; Jacobsenet al., 1994; De-Benedetti
et al., 1994; Franslowet al., 1990). Recently, a soluble
G-CSF receptor was detected in the urine of patients
undergoing chemotherapy and also in the serum of healthy
donors (Urase, 1993). The molecular weight of the sG-CSFR
detected by immunoblotting using anti-CRH antibody showed
a band ofMr ) 90K, which is similar to the protein purified
here from CHO cell-conditioned media. This suggests that
the 90K band observed in urine corresponds to the extra-
cellular portion of the G-CSF receptor. It was also shown
that this 90K protein exists as a complex with G-CSF. These
binding proteins, including G-CSF, serve as inhibitors of the
ligands. However, depending on the concentration of ligand
and binding protein, and the affinity of the binding protein
relative to the cell surface receptors, the binding proteins
may act as a reservoir of the ligand and augment thein ViVo
activity (Klein & Brailly, 1995). Complex formation can
increase the half-life of the ligand in circulation, and a slow
dissociation of the ligand from the complex may extend the
availability of the ligand.
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