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ABSTRACT: The granulocyte colony-stimulating factor receptor (GCSFR), containing the Ig-like domain
(Ig) and cytokine receptor homologous region (CRH), was prepared as a preformed dimer (Ig-CRH-Fc)2

after fusion to the mouse Fc region via an eight-residue linker (∼55 Å). Monomer Ig-CRH was also
prepared after the Fc region was removed from (Ig-CRH-Fc)2. GCSF binding to Ig-CRH and (Ig-CRH-
Fc)2 was investigated using light scattering and isothermal titration calorimetry. The average molecular
mass determined by light scattering showed that both Ig-CRH and (Ig-CRH-Fc)2 formed a 2:2 dimer with
GCSF. Moreover, isothermal titration calorimetry showed that the thermodynamic parameters upon binding
of GCSF to Ig-CRH and (Ig-CRH-Fc)2 were comparable, suggesting a similar binding stoichiometry and
interface [including similar buried surface area (5700-6000 Å2)] despite the presence of the eight-residue
linker. The buried surface area is much larger than that calculated from our previous report of the crystal
structure of the GCSF-CRH complex [Aritomi, M.,et al. (1999)Nature 401, 713-717], suggesting a
substantial contribution of the Ig domain to GCSF binding. The data also indicate that the distance (55
Å) between two CRH domains in the 2:2 complex is much shorter than in our previous model (∼90 Å)
predicted from the same crystal structure of the GCSF-CRH complex.

Granulocyte colony-stimulating factor (GCSF)1 (1) is an
important cytokine for regulating the maturation, prolifera-
tion, and differentiation of the precursor cells of neutrophic
granulocytes and is used to treat patients suffering from
granulopoenia. These responses are initiated by interaction
of GCSF with the GCSF receptor (GCSFR) (2, 3) which is
expressed on neutrophils, their precursors, and some leuke-
mic cell lines. Binding of GCSF causes receptor activation
of signaling cascades such as the Jak-STAT and mitogen-
activated protein kinase pathways (4).

The extracellular region of the GCSFR is composed of
an immunoglobulin-like (Ig) domain, a cytokine receptor
homologous (CRH) region, and three fibronectin type III-
like domains (FNIII) (Figure 1a). The CRH region is divided
into an amino-terminal (BN) domain and a carboxyl-terminal
(BC) domain containing a “WSXWS” motif (2). These
features of the GCSFR structure are closely related to that

of gp130, which is the shared signal transducing receptor
chain of the IL-6 family of cytokines (5). The sequences of
the GCSFR and gp130 are 46% similar in the extracellular
region (6).

The CRH region and Ig domain of the GCSFR have been
implicated in ligand binding (5, 7). Studies of sedimentation
equilibrium experiments revealed that binding of GCSF to
the extracellular region of the GCSFR results in the formation
of a 2:2 complex (8, 9). Recently, the crystal structure of
GCSF in complex with the CRH region of the GCSFR has
been determined, indicating that it forms a complex with
2:2 stoichiometry (10). However, Hiraokaet al. (11) reported
that the BN and BC domains (the CRH region) formed a
1:1 complex with GCSF. In addition, the Ig domain of the
GCSFR has been shown to be important for complex
formation by chimeric receptor analysis (12) and mapping
of neutralizing mAbs (13). Similarly, the crystal structure
of gp130 in complex with viral IL-6 shows that the Ig domain
of gp130 interacts with IL-6, resulting in formation of a
tetramer comprised of two IL-6 and two gp130 subunits (14).
These observations suggest that a complete understanding
of the interaction requires a description of the biophysical
properties that drive complex formation since the GCSF-
Ig-CRH complex structure remains to be elucidated.

We have initiated an investigation of the quantitative and
structural properties of the interaction of GCSF and its
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receptor. In this report, we describe the expression and
production of baculovirus-expressed human Ig-CRH fused
to an immunoglobulin Fc domain [(Ig-CRH-Fc)2]. In addition
to characterization of the interaction between GCSF and the
Ig-CRH domains using size-exclusion chromatography and
light scattering, we have investigated the thermodynamics
of the interaction using isothermal titration calorimetry (ITC)
to verify the binding stoichiometry and to more precisely
determine dissociation constants for the complex. The ITC
data also provide information about the enthalpy and the heat
capacity change upon association, which reflects the con-
formational change as well as the buried surface area. The
thermodynamic data for the GCSF-GCSFR interaction
reported here suggest that the activated structure of the
GCSFR induced by GCSF binding is a 2:2 complex structure,
which is quite different from the reported crystal structure.

EXPERIMENTAL PROCEDURES

Materials. Recombinant human GCSF expressed inEs-
cherichia coliwas obtained from the Pharmaceutical Division
of Kirin Brewery Co. Ltd. (Tokyo, Japan). Human thrombin
was purchased from Roche Diagnostics GmbH (Mannheim,
Germany).

Construction of Human GCSF Receptor cDNA Fused with
the Fc Region of Mouse IgG1 (h-GCSFR-Fc) cDNA.The
extracellular region of the human GCSF receptor (hGCSFR)
containing an Ig-like domain (Ig) and cytokine receptor
homologous region (CRH) [in which free cysteines at
positions 78, 163, and 228 were mutated to serines (15)]
was fused with the Fc region of mouse IgG1. To PCR
amplify an Ig-CRH domain of hGCSFR cDNA, a forward
primer (5′-TCTGAAGCTTGTTGCCCATATGGCAAGGCT-
GGGAAACTG-3′) was used. This primer also contained a
BglII site upstream of the open reading frame and anNdeI
site at a start codon 5′ of the hybridizing sequence. A reverse

primer (5′-TGTAGAATTCGCGCCCGCCCGTTCGGTAG-
TTCTCAG-3′) was utilized and contained aNotI site. PCR
was performed in a final volume of 100µL for 25 cycles
under the following temperature conditions: 94°C for 15 s,
65 °C for 2 s, and 74°C for 30 s. The PCR-amplified
products were gel purified and digested withBglII and NotI
restriction endonucleases. The cDNA of mouse IgG1 (TN1)
derived from anti-human TPO IgG1 (16) was subcloned into
a pBluescript II vector (Stratagene, La Jolla, CA). To amplify
an Fc region of TN1 cDNA, a forward primer (5′-TCG-
TTCAAAGGCGGCCGCTCCCCGTGGCGCTGCCTGCA-
ATCTGTACAGTCCCAGAAG-3′) was used. This primer
also contained aNotI site at a start codon 5′ of the hybridizing
sequence. The reverse primer (5′-GCTTAGCTCGAGTTAT-
CATTTACCAGGAGAGTGGGA-3′) had anXhoI site down-
stream of the open reading frame. PCR in a final volume of
100 µL was carried out for 25 cycles under the following
temperature conditions: 94°C for 15 s, 65°C for 2 s, and
74°C for 30 s. The PCR-amplified products were gel purified
and digested withNotI and XhoI restriction endonucleases.
The baculovirus transfer vector, pFastBacl (Invitrogen,
Carlsbad, CA), was digested withBamHI andNotI restriction
endonucleases. The individual PCR DNA fragments and the
digested pFastBac1 vector DNA were ligated. Initial trans-
formation and screening were carried out inE. coli DH5R,
and the positive clones were confirmed by dideoxy sequenc-
ing and used for transformation ofE. coli DH10Bac
(Invitrogen).

Cell Culture and Virus.The Bac-To-Bac baculovirus
(Invitrogen) is a derivative ofAutographa californicanuclear
polyhedrosis virus (AcMNPV). The recombinant virus was
propagated in a monolayer culture ofSpodoptera frugiperda
(Sf9) cells. Serum-free medium-adapted Sf9 cells (Invitrogen)
were grown in a monolayer culture at 27°C in Grace’s insect
cell culture medium (Invitrogen) in the presence of a final

FIGURE 1: Diagrammatic representation of the subdomains of the wild-type GCSFR and the production of Ig-CRH via (Ig-CRH-Fc)2. The
BN and BC domains together comprise the CRH domain. The eight-residue linker sequence between Ig-CRH and Fc is also shown.
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antibiotic-antimycotic (Invitrogen) concentration of 1×.
Trichoplusia ni, High-Five cells (Invitrogen) adapted in
serum-free medium were grown in a monolayer culture at
27 °C in High-Five serum-free medium according to the
manufacturer’s protocol (Invitrogen).

Generation of Recombinant BaculoVirus. Generation of
recombinant baculovirus-expressing hGCSFR-Fc in Sf9 cells
was carried out by using the Bac-To-Bac baculovirus
expression kit (Invitrogen). DNA of the recombinant pFas-
Bac1 transfer vector containing the hGCSFR-Fc cDNA
sequence was introduced intoE. coli DH10Bac for the
transposition of the hGCSFR-Fc cDNAs into baculovirus
genomic DNA (bacmid) according to the manufacturer’s
protocol. Colonies containing recombinant bacmids were
identified by disruption of the lacZR gene, and the white
colonies were picked for recombinant bacmid DNA isolation.
DNA was isolated using a Wizard SV Mini prep kit
(Promega, Madison, WI) specific for DNA more than 135
kb long. The recombinant bacmid DNA was then used to
transfect Sf9 cells which were grown in TNM-FH medium.
The cells were transfected at a density of 1× 106 cells/35
mm well with the bacmid DNA using Lipofectin according
to the manufacturer’s protocol (Invitrogen). The recombinant
virus was harvested 72 h post-transfection and utilized for
expression studies.

Expression and Purification of the Recombinant Protein.
High-Five cells were grown in 75 mm tissue culture flasks
till 70-80% confluency for use in the production of
recombinant hGCSFR-Fc. The cells were infected with
recombinant virus at different multiplicities of infection
(MOI) at 27°C for 72 h. The culture medium was collected
72 h postinfection followed by centrifugation at 10000g and
4 °C for 5 min and purified using the GCSF-coupled
Sepharose column, which was prepared by mixing 2.0 mL
of recombinant human GCSF per milliliter of NHS-activated
Sepharose (Pharmacia). The bound protein was eluted with
50 mM glysine (pH 2.5) and immediately dialyzed to 20
mM HEPES and 100 mM NaCl (pH 7.2) at 4°C.

Thrombin Digestion of (Ig-CRH-Fc)2. Approximately 1 mg
of (Ig-CRH-Fc)2 was digested with 0.02 mg [1:50 (w/w)] of
human thrombin (Roche Diagnostics GmbH) in 20 mM Tris-
HCl buffer (pH 8.5) for 48 h at 37°C.

Western Blot Analysis.For Western blot analysis, ap-
proximately 2µg of cytoplasmic extract or 5µL of culture
medium supernatant was electrophoresed on a 7.5% poly-
acrylamide gel (Daiichi Pure Chemicals, Tokyo, Japan), and
the resolved protein was transferred onto a nitrocellulose
membrane (Millipore, Bedford, MA) according to the
manufacturer’s protocol. After being blocked with BSA, the
membrane was probed with alkaline phosphatase-linked anti-
mouse IgG (Biomeda Corp., Foster City, CA). hGCSFR-Fc
was visualized with 5-bromo-4-chloro-3-indolylphosphate
(BCIP) with nitro blue terazolium (NBT) (Promega, Madi-
son, WI) according to the manufacturer’s protocol.

Gel Filtration and Light Scattering Analysis.Gel filtration
was performed using a Superdex 200 HR 10/30 column
(Amersham Pharmacia Biotech AB, Uppsala, Sweden)
equilibrated with 20 mM sodium phosphate buffer (pH 7.0)
containing 200 mM NaCl. Light scattering analysis of the
interaction between GCSF and Ig-CRH or (Ig-CRH-Fc)2 was
performed using mini-DAWN (Wyatt Technologies) equipped
with a gel filtration column. Approximately 50µg of GCSF

and Ig-CRH or (Ig-CRH-Fc)2 were injected onto a Superdex
200 column equilibrated with 20 mM sodium phosphate
buffer (pH 7.0) containing 200 mM NaCl at a flow rate of
0.5 mL/min. The elution of the complex was monitored by
both the refractive index and UV detectors.

Isothermal Titration Calorimetry.Thermodynamic analysis
of the interaction between GCSF and Ig-CRH or (Ig-CRH-
Fc)2 was performed using an MCS isothermal titration
calorimeter (MicroCal Inc., Northampton, MA). A 100µM
GCSF solution in 50 mM sodium phosphate buffer (pH 6.0)
containing 100 mM NaCl was loaded into a 250µL syringe,
and 10µL portions of the GCSF solution were injected into
1.6 mL of receptor solution (0.6µM) in the same buffer.
The titration curves were analyzed using ORIGIN (MicroCal
Inc.).

The amount of apolar (∆ASAap) and polar (∆SASpol)
surface area buried upon binding were calculated from the
empirical relationships to the binding heat capacity (∆Cp)
and enthalpy (∆H) changes as

where∆H60 is the binding enthalpy change at 60°C (17,
18).

RESULTS

Expression and Purification of Ig-CRH Fused with Fc.
For effective expression, the Ig-CRH was fused to the Fc
domain derived from mouse IgG to create a disulfide cross-
linked dimer of the receptors [(Ig-CRH-Fc)2]. The linker
region with the disulfide bridge was designed to limit the
receptor distance to<55 Å, and a thrombin cut site was
incorporated so that the Ig-CRH domain can be cleaved if
necessary (Figure 1a). The designed sequence is shown in
Figure 1b.

The purified (Ig-CRH-Fc)2 exhibited a single band with a
molecular mass of 140 kDa under nonreducing conditions
and of 70 kDa under reducing conditions on SDS-PAGE
(see Figure 2), indicating the protein is present as a disulfide-
linked dimer. The molecular mass of 140 kDa for (Ig-CRH-
Fc)2 is somewhat higher than that calculated from the amino
acid sequence (125 kDa), suggesting glycosylation at four
potential N-linked glycosylation sites within the Ig-CRH
region (19). When tunicamycin, a glycosylation inhibitor,
was added to the culture medium after infection, the
molecular mass of (Ig-CRH-Fc)2 was reduced to 125 kDa,
supporting the proposed glycosylation within the Ig-CRH
region (data not shown).

(Ig-CRH-Fc)2 was digested by thrombin to prepare the
monomer Ig-CRH. The time course of thrombin digestion
is shown in Figure 3. After digestion for 48 h, (Ig-CRH-
Fc)2 was completely digested to monomer Ig-CRH and the
Fc domain. The digested Ig-CRH was purified by gel
filtration and used for all characterization studies as described
below.

Gel Filtration and Light Scattering Analysis of the GCSF-
Ig-CRH Complex.Gel filtration and light scattering analysis
of each protein, alone and as a ligand-receptor complex,
were utilized to further probe the receptor-ligand interactions
and binding stoichiometry (Figure 4 and Table 1). The size-

∆Cp ) 0.45× ∆ASAap - 0.26× ∆SASpol (1)

∆H60 ) -8.44× ∆ASAap + 31.4× ∆SASpol (2)
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exclusion chromatograms of GCSF and Ig-CRH as well as
the average molecular masses of these proteins indicate that
each protein exists as a monomer. Moreover, gel filtration
of a stoichiometric mixture between GCSF and Ig-CRH
showed a single peak (Figure 4). The average molecular mass
of this peak was determined to be 111 600( 2460 Da by
light scattering analysis. Since the theoretical molecular

masses of GCSF and Ig-CRH are 18 670 and 34 320 Da,
respectively, the observed mass of this peak indicates that
GCSF and Ig-CRH formed a 2:2 stoichiometric complex
under this condition.

Hiraoka and co-workers also expressed murine Ig-CRH
in baculovirus cells and characterized the human GCSF-
murine Ig-CRH interactions using sedimentation equilibrium
centrifugation (20). This group observed the self-association
of the murine Ig-CRH dimer converted to an octameric
complex containing four receptors and four GCSF molecules,
which was not detected in our studies. It is possible that this
difference may be partly due to the different species, human
and murine receptor, and to the number of N-linked
glycosylation sites.

Isothermal Titration Calorimetry of GCSF Binding to Ig-
CRH and (Ig-CRH-Fc)2. To understand the nature of the
active state of the GCSFR, the thermodynamic parameters
of the binding of GCSF to Ig-CRH and (Ig-CRH-Fc)2 were
investigated using isothermal titration calorimetry (ITC). The
results are summarized in Table 2. The titration of Ig-CRH
with GCSF showed negative peaks (Figure 5b), indicating
an exothermic process upon binding to Ig-CRH. The
thermodynamic parameters of binding of GCSF to Ig-CRH
were as follows:Ka ) 7.2 × 108 M-1, ∆H ) -99.5 kJ/
mol, andn ) 1 at 25°C, indicating an equimolar interaction
such as a 1:1 or 2:2 complex. Moreover, the binding of GCSF
to the preformed dimer, (Ig-CRH-Fc)2, was also investigated
to clarify the effect of preassociation of a receptor dimer.
The titration also showed a single phase (Figure 5a) with
the following thermodynamic parameters:Ka ) 2.6 × 108

M-1, ∆H ) -95.6 kJ/mol, andn ) 1.7 at 26°C, suggesting
a 1:2 complex. The ITC results demonstrated that binding
of GCSF to Ig-CRH and (Ig-CRH-Fc)2 is an enthalpy-driven
process (Table 2). Formation of hydrophobic and electrostatic
contacts and hydrogen bonds between the ligand and receptor
could account for the largely exothermic reaction (∆H < 0)

FIGURE 2: Expression and purification of (Ig-CRH-Fc)2 monitored by SDS-PAGE. (a) Time course of the expression analyzed under
nonreducing conditions: lane M, molecular mass markers; and lanes 0-6, elapsed time in days postinfection. (b) Time course of the
expression analyzed under reducing conditions as with panel a. (c) Purified (Ig-CRH-Fc)2 analyzed under reducing and nonreducing conditions.

FIGURE 3: Thrombin digestion of (Ig-CRH-Fc)2 to remove the Fc
portion. Thrombin cleavage was monitored by SDS-PAGE under
reducing conditions: lane C, control experiment without thrombin;
lane M, molecular mass markers; and lanes 0, 1, 2, 4, 8, 24, and
48, elapsed time in hours after thrombin digestion.

FIGURE 4: Gel filtration of GCSF, Ig-CRH, and the GCSF-Ig-
CRH complex using a Superdex 200 column at pH 7.0. The GCSF-
Ig-CRH complex was prepared by mixing equal molar amounts of
GCSF and Ig-CRH.

Table 1: Average Molecular Mass of GCSF and Its Receptor
Complex Determined by Light Scattering Analysis

receptor observed mass (Da) theoretical mass (Da)

GSCF 17910( 890 19000
Ig-CRH 36950( 860 36000
GCSF-Ig-CRH 111600( 2460 56000 (1:1)

112000 (2:2)

Interaction of GCSF and GCSFR Biochemistry, Vol. 43, No. 9, 20042461



observed in the ITC measurements. The change in hydro-
phobic surface area of a protein upon binding to its ligand
can be estimated by the change in heat capacity (∆Cp), which
can be determined from the enthalpy of binding (∆H)
measured at different temperatures (Figure 6). The∆Cp

values of binding of GCSF to Ig-CRH and (Ig-CRH-Fc)2

were determined to be approximately-3.4( 0.05 and-3.6
( 0.05 kJ mol-1 K-1, respectively. Both∆Cp values are

similar, suggesting that the change in hydrophobic area upon
GCSF binding could be similar for Ig-CRH and (Ig-CRH-
Fc)2. By using empirical relationships developed by Freire
and colleagues (see Experimental Procedures), the∆Cp and
∆H values observed for one molecule of GCSF binding to
Ig-CRH and (Ig-CRH-Fc)2 infer that 5700-6000 Å2 of
surface area is buried during complex formation. The
thermodynamics of the binding of GCSF to Ig-CRH and (Ig-
CRH-Fc)2 are almost comparable within experimental error,
despite the preassociation of Ig-CRH, suggesting an equiva-
lent GCSF recognition mechanism.

DISCUSSION

We have expressed the soluble fragment of the GCSFR
[(Ig-CRH-Fc)2] in a baculovirus system for the purpose of
studying the thermodynamic interaction of the GCSFR with
GCSF in solution. The results of the light scattering and ITC
analyses showed that GCSF has strong affinity (Ka ∼ 108

M-1) for Ig-CRH and the GCSF:Ig-CRH stoichiometry is
2:2. The affinity is almost identical to that of the full-length
receptor expressed on the cell surface (5). Since there are
almost no available data regarding direct thermodynamic
parameters for GCSF-GCSFR interactions, our results
provide new insights into GCSF-GCSFR interactions.

Thermodynamic analysis revealed that there were no
remarkable differences in the thermodynamic parameters
upon the binding of GCSF to Ig-CRH and (Ig-CRH-Fc)2 even
at different temperatures (Table 2 and Figure 6). Binding of
GCSF to Ig-CRH or (Ig-CRH-Fc)2 exhibited highly favorable
binding enthalpy (∆H < 0), suggesting a large number of
nonbonded interactions (e.g., hydrophobic and electrostatic
interactions and hydrogen bonds) upon complex formation.
Conversely, the binding entropy change for each reaction
was extremely unfavorable, indicating a substantial loss of
degrees of freedom upon binding. The thermodynamic
changes upon binding of GCSF to Ig-CRH or (Ig-CRH-Fc)2

suggest that these interactions accompany substantial con-
formational rearrangements such as local folding during
GCSF binding.

Another common feature seen in the binding of GCSF to
Ig-CRH and (Ig-CRH-Fc)2 was a similar temperature de-
pendence of their binding enthalpies (Figure 6), and∆Cp

values of-3.4 and-3.6 kJ mol-1 K-1 for Ig-CRH and (Ig-
CRH-Fc)2, respectively. Generally, large negative heat
capacities have been found to correspond to the exclusion
of highly ordered water molecules from exposed hydrophobic
areas on unfolded proteins or free ligands (21-23). Since
the ∆Cp values for protein-protein interactions have been
reported to range from 0.01 to-1.34 kJ mol-1 K-1 (24),
the ∆Cp values for GCSF are significantly larger than that
typically observed for protein-protein interactions, suggest-
ing that extensive apolar surface area is buried upon complex
formation.

According to the consideration of Murphyet al. (25), the
total ∆S of binding is given as

where∆Ssolv is the change in entropy resulting from solvent
release upon binding,∆Sconf is the change in entropy resulting
from configurational changes in the complex formation, and
∆Scrat is the cratic entropy change.

Table 2: Thermodynamic Parameters of the Binding of GCSF to
Ig-CRH and (Ig-CRH-Fc)2 Measured at Different Temperatures

receptor
temp
(°C) n

Ka

(×108 M-1)
∆H

(kJ/mol)
∆Sa

(J mol-1 K-1)

Ig-CRH 15 1.0 2.4( 0.8 -66.6( 0.7 -70.0
20 1.0 6.2( 1.7 -83.7( 0.5 -116.2
25 1.0 7.2( 1.6 -99.5( 0.5 -164.0
30 1.0 5.1( 1.7 -119.0( 1.0 -225.5
35 1.1 6.8( 1.4 -131.0( 0.7 -255.4

(Ig-CRH-Fc)2 17 1.7 2.9( 1.3 -66.0( 0.7 -64.8
20 1.8 7.6( 1.5 -72.0( 0.5 -75.4
26 1.7 2.6( 0.7 -95.6( 0.4 -159.0
30 1.8 6.4( 0.7 -110.0( 0.4 -193.0
35 1.6 3.3( 4.7 -134.0( 3.1 -271.6

a The∆Svalues were calculated using the equations∆G ) -RT ln
K and∆G ) ∆H - T∆S. All thermodynamic parameters are expressed
as per one binding site.

FIGURE 5: Titration calorimetry signals of (a) Ig-CRH and (b) (Ig-
CRH-Fc)2 by GCSF at pH 6.0 and 25°C.

FIGURE 6: Temperature dependence plot of∆H. ∆H values for
the binding of GCSF to Ig-CRH (9) and (Ig-CRH-Fc)2 (2) are
shown.

∆S) ∆Ssolv + ∆Sconf + ∆Scrat (3)

2462 Biochemistry, Vol. 43, No. 9, 2004 Mine et al.



∆Ssolv is given by

whereTs is the temperature at which the dissolution entropy
change is considered to be zero and∆Scrat can be considered
a constant value (-0.033 kJ mol-1 K-1) (26). From eqs 3
and 4, the calculated values of entropy change are sum-
marized in Table 3. In the binding of GCSF to (Ig-CRH-
Fc)2, ∆Ssolv is ∼50 J mol-1 K-1 larger than that for the
binding to Ig-CRH, indicating a smaller effect of water
release upon binding of GCSF to (Ig-CRH-Fc)2. This
suggests some interaction between the two Ig-CRH domains
cross-linked to Fc. Conversely,∆Sconf for binding of GCSF
to (Ig-CRH-Fc)2 is ∼50 J mol-1 K-1 smaller than that for
the binding to Ig-CRH, suggesting a restriction of the
flexibility due to the cross-linking. The contribution of cross-
linking to the total entropy change (∆S) for binding of GCSF
to (Ig-CRH-Fc)2 appears to be relatively small, most likely
due to the compensation between the decrease in the
conformational entropy change (∆Sconf) and the increase in
the desolvation entropy change (∆Ssolv). In brief, the similar
thermodynamics of binding of GCSF to Ig-CRH and (Ig-
CRH-Fc)2 indicate that they bind with a similar overall
mechanism. The Fc portion serves as the fobronectin-like
domains, which are not required for ligand binding but may
be important for receptor stability and signal transduction
(5).

From our experiments, it is now clear that binding of
GCSF to Ig-CRH results in the formation of a 2:2 complex.
Although there is no tertiary structural evidence, it has been
hypothesized (27) that one GCSF molecule interacts with
two receptors at independent sites, one receptor via site II
and another receptor via site III. Site II is the main receptor
binding site and lies within the A and C helices of GCSF
involving charged residues (10, 12, 28, 29). This site interacts
with the “elbow” formed by the BN and BC domains of the
CRH region (10). On the other hand, it has been suggested
that the second receptor binding site (site III) is located near
the N-terminal end of the D helix (28) or in the E helix of
GCSF (12), forming a hydrophobic cluster. Site III is likely
to be important for interaction with the Ig domain (12, 15),
and the recent analyses from the mutagenesis of the Ig
domain have shown that the predicted F and Gâ-strands
form a binding site for site III of GCSF (27). From the
thermodynamic data, approximately 5700-6000 Å2 of
surface area is buried when one molecule of GCSF binds
Ig-CRH. This value is much greater than the value of 1284
Å2 observed in the crystallographic structure of the GCSF-
CRH complex interface (10), suggesting that both complex
structures are different with or without the Ig domain. Burial
of a large surface area upon the interaction of GCSF and
Ig-CRH also indicates the existence of an interaction between
site III of GCSF and the Ig domain, and suggests that
dramatic structural changes occur upon complex formation,
e.g., local folding-coupled interactions. There is no doubt

as to the importance of the contribution of the Ig domain
upon formation of the active ligand-receptor complex in
the GCSFR.

It has also been hypothesized that the activating efficiency
of the cytokine receptor depends critically on the separation,
orientation, and relative disposition of bound receptors (30-
34). The thermodynamic analysis of the cross-linked dimer
of Ig-CRH [(Ig-CRH-Fc)2] connected by a flexible linker
peptide between the Ig-CRH domain and the Fc portion
allowed us to probe the distance between the insertion points
of the extracellular domain dimer. At least two structural
models have been proposed for the activated state of the
GCSFR. One model, from the structural determination of
the GCSF-CRH complex (10) in which two CRHs are
bridged by two GCSFs, but with no information regarding
the contribution of the Ig domain, is shown in Figure 7a.
Another model, predicted from the structure of the IL-6-
gp130 complex (14) in which both Ig and CRH domains
are clearly involved in the binding with GSCF, is shown in
Figure 7b. The distance between the carboxy terminus of
the CRH domains (∼90 Å) in the crystal structure of the
GCSF-CRH complex (Figure 7a) does not agree with the
distance (<55 Å) between the carboxy termini in (Ig-CRH-
Fc)2 estimated from the length of the eight-amino acid linker
(∼3.3 Å per residue) (Figure 7b). Thus, the model that is in
agreement with the large buried surface area, as well as the
shorter distance between the two CRHs (55 Å), is the one
resembling the IL-6-gp130 complex (14) as shown in Figure
7b. The Ig domain would bring each CRH domain closer
and facilitate the interaction of their intracellular domains.
Therefore, without the Ig domain, the previously described
2:2 complex structure may involve a crystallographic artifact
in which two 1:1 complexes are occasionally associated
under the crystallization condition.
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