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ABSTRACT: CD23/FcεRII, the low-affinity receptor for IgE, is a multifunctional protein of importance in
blood cell development and the immune system. We have studied the interaction of CD23 with IgE in
solution using hydrodynamic methods applied to recombinant fragments of both ligands: sCD23,
corresponding to the soluble lectin domain of CD23, and Fcε3-4, a dimer of the Cε3-Cε4 sequence of
IgE. The hydrodynamic, spectroscopic, and biological properties of these fragments suggest that they
have a fully native structure. Sedimentation equilibrium studies on mixtures of sCD23 and Fcε3-4 indicate
that IgE has two binding sites for CD23, each characterized by affinities of approximately 105 M-1.
Analysis of the sedimentation as a function of temperature allows conclusions to be drawn about the
thermodynamics of binding at the two sites. Binding at the first site is characterized by large changes in
enthalpy (∆H°To ) -2.1 ( 3.3 kcal mol-1) and heat capacity (∆Cp° ) -320( 320 cal mol-1 K-1),
whereas binding at the second site is characterized by small changes in enthalpy (∆H°To ) 0.1( 5.6 kcal
mol-1) and heat capacity (∆Cp° ) -140( 550 cal mol-1 K-1). In native CD23, there are two or three
lectin domains, associated through anR-helical coiled-coil stalk. The predicted structure of the CD23
oligomers and symmetry considerations rule out the possibility of two lectin domains from one oligomer
binding to identical sites in IgE. The notion of two types of interaction in the 2:1 complex between
CD23 and IgE is consistent with the thermodynamic data presented.

CD231 or FcεRII is the low-affinity receptor for IgE and
mediates the effector functions of IgE in antigen presentation
(Kehry & Yamashita, 1989; Pirron et al., 1990; Heyman et
al., 1993; Gustavsson et al., 1994), cytotoxic cell activity
(Yokota et al., 1992), and the feedback regulation of IgE
synthesis (Sutton & Gould, 1993). Though it is called the
“low-affinity” IgE receptor, it actually binds to IgE with
fairly high affinity (Ka ) 6.3× 107 M-1) (Spiegelberg, 1984)

compared to that of the interaction of IgG receptors with
IgG (ranging from 106 to 108 M-1) (Ravetch & Kinet, 1991);
the name stems from the fact that the affinity of CD23 for
IgE is low relative to that of the “high-affinity” IgE receptor,
FcεRI (Ka ) 1010 M-1). The CD23-IgE interaction is less
well characterized than the FcεRI-IgE interaction.

Unlike the other Fc receptors, including FcεRI, which are
members of the Ig superfamily, CD23 is a C-type lectin and
a type II integral membrane protein (having an extracellular
C-terminal sequence and an intracellular N-terminal se-
quence). The lectin domain lies in the extracellular sequence
near the C terminus and is separated from the membrane by
a sequence of about 100 amino acids that forms a two- or
three-stranded, 10 nm-longR-helical coiled-coil stalk (Beavil
et al., 1992). Formation of this structure results in the
oligomerization of the lectin domains. Endogenous proteases
cleave CD23, initially at the base of the stalk to release
oligomeric fragments. Subsequent proteolytic cleavage
reduces the fragments to 25 kDa and then to 16 kDa
monomers; the latter contains only the lectin domain and
still binds to IgE, but with lower affinity than native CD23
(Bettler et al., 1989; this work). CD23 fragments are
implicated in a variety of important biological activities
[reviewed in Delespesse et al. (1991) and Sutton and Gould
(1993)]. In particular, the 16 kDa fragment exhibits sup-
pressive activity in the stimulation of IgE synthesis by IL-4
plus hydrocortisonein Vitro (Sarfati et al., 1992). These
fragments are thought to exert their activities in a paracrine
fashion as they are released from the surface of cellsin situ
(Gordon et al., 1989, 1991).
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As with other lectins that are associated into trimers by
the formation ofR-helical coiled-coil or collagen stalks
(Hoppe & Reid, 1994), the avidity of CD23 may be achieved
by the cooperative binding of more than one lectin domain
to IgE. There are two identicalε-heavy chains in IgE and
the structure has been predicted to have 2-fold rotational
symmetry (Padlan & Davies, 1986; Helm et al., 1991), at
least within the Cε3 and Cε4 domains. The CD23 binding
site in IgE has been mapped to Cε3, and we have suggested
that two lectin domains may bind at identical sites on the
two Cε3 domains (Sutton & Gould, 1993).
Both to simplify the task of studying the interaction with

IgE and to study a functionally important biological inter-
action, we have expressed the 16 kDa lectin fragment
(sCD23) in cells of the NS-0 (mouse myeloma) cell line.
We have studied the interaction of this monomeric fragment
with the smallest fragment of IgE, a dimer of the Cε3 and
Cε4 domains (Fcε3-4), which we find interacts with native
CD23 with essentially the same affinity as IgE (Young et
al., 1995). We have used sedimentation equilibrium in the
analytical centrifuge to measure the association constant(s),
stoichiometry, and thermodynamics of the binding of the
monomeric unit(s) to IgE.
This study has uncovered an unexpected feature of the

binding of sCD23 to IgE. The stoichiometery of binding is
indeed, as predicted, 2:1 (sCD23:Fcε3-4). The two binding
events (binding of the first and second molecule of sCD23),
however, have strikingly different thermodynamics, leading
to the conclusion that the two binding sites are different and
that the second molecule of sCD23 recognizes a site on IgE
that is not available before the first molecule of sCD23 binds.
Molecular modeling supports the conclusion that there must
be two different CD23 binding sites in IgE and leads to the
further conclusion that the corresponding sites in the dimeric/
trimeric CD23 must also differ from one another.

MATERIALS AND METHODS

Preparation and Isolation of 16 kDa sCD23.The CD23
cDNA sequence in pUC18 from J. Yodoi (Kyoto University,
Kyoto, Japan) (Ikuta et al., 1987) was used as a template
for the PCR to generate the DNA fragment corresponding
to the 16 kDa recombinant lectin domain fragment of human
CD23. Two oligonucleotides for PCR were synthesized on
the basis of the cDNA sequence, to engineer half anEcoRV
restriction site at the 5′ end of the forward primer (5′ATC-
GAGTTGCAGGTGTCCAGCGGC), and a stop codon and
a BamHI site at the 5′ end of the reverse primer (5′TCG-
GATCCTCAGCATGTGGCCAGCCG). For the PCR mix-
tures, containing each primer at 1µM, 0.25 mM dNTPs,
and T11 DNA polymerase (1 unit per 50µL of reaction
mixture) in the buffer supplied (Promega), 30 cycles were
performed, using a denaturation cycle of 94°C for 1 min,
annealing at 55°C for 1 min, and extension at 72°C for 2
min. The PCR product of the expected size was purified
by electroelution following gel electrophoresis in 1% agarose.
The 5′-phosphorylated andBamHI-restricted DNA fragment
was then ligated into the plasmid pRY27 (Young et al., 1995)
at theEcoRV andBamHI sites, downstream of the antibody
B72.3 mouse hybridomaκ-chain leader sequence on the
plasmid. This plasmid (pJS10) was transformed into com-
petent TG1Escherichia coliusing the CaCl2 method, and
plasmids isolated from single colonies were subjected to

double-stranded DNA sequencing. The fragment of CD23
with the κ-chain leader sequence was released from pJS10
by a EcoRI andBamHI digestion and subcloned into the
pJA97 (Celltech) expression vector and subsequently into
the pEE12 (Cockett et al., 1990; Bebbington et al., 1992)
expression vector at theEcoRI andBamHI sites. The vector
was then permanently transfected into NS-0 cells as follows.
Ten million exponentially growing NS-0 cells were pelleted,
washed twice with ice-cold PBS, and resuspended in 0.7 mL
of ice-cold PBS. The linearized expression plasmid (40µg)
was mixed with the cell suspension, kept on ice for 5 min,
and electroporated in a 0.4 mL electroporation cuvette (Bio-
Rad) with two consecutive 0.1 s pulses of 1500 V at 3.0µF.
The cells were returned to ice for 5 min and then resuspended
in 140 mL of CB2 DMEM (Gibco, Paisley, U.K.) supple-
mented with 10% (v:v) fetal calf serum, penicillin (10 units/
mL), and streptomycin (10µg/mL). The cells were plated
out into 96-well tissue culture plates at 100µL per well, left
overnight at 37°C, treated with 100µL of 10 µMmethionine
sulfoxamine (Sigma) in CB2 DMEM (Gibco, U.K.) supple-
mented with 10% (v:v) fetal calf serum, penicillin (10 units/
mL), and streptomycin (10µg/mL), and left for a further
2-3 weeks at 37°C. Protein expression was analyzed by
Western blotting, utilizing the biotinylated anti-CD23 mono-
clonal antibody BU38 (Binding Site, Birmingham, U.K.) and
ELISA assay. The NS-0 cells secreting 16 kDa sCD23 were
cultured in 2 L rolling flasks (Corning, Corning, NY) using
CB2 DMEM supplemented with 10% (v:v) fetal calf serum,
penicillin (10 units/mL), streptomycin (10µg/mL), and 1
mM L-glutamine, to confluence. The supernatants were
harvested and filtered through 0.45µm filters (Amicon,
Beverley, MA) immediately following centrifugation. The
recombinant sCD23 was purified on an anti-CD23 mono-
clonal antibody (MHM6) affinity column (Sepharose, Phar-
macia), eluted with 0.1 M glycine (pH 2.5), and immediately
neutralized with an appropriate volume of 1 M Tris. The
protein was then HPLC purified on a Superdex 75 HR 20/
30 column (Pharmacia, Sweden) using TBS containing 2 mM
CaCl2.
Preparation of the IgG-sFcεRIR Fusion Protein. A

soluble fragment of the high-affinity IgE receptorR-chain
fused to the Fc region of IgG4 (sFcεRIR-IgG4Fc) was used
for affinity purification and was prepared as follows. The
gene segment encoding the extracellular domains of FcεRIR
was isolated on aHindIII-SalI fragment from full length
R-chain cDNA by PCR. The plasmid MRR14 containing a
humanγ4 genomic clone was modified by site-directed
mutagenesis to incorporate aSalI site toward the 3′ end of
the CH1 domain. ASalI-EcoRI fragment containing the 3′
end of the CH1, hinge, CH2, and CH3 exons was isolated
from this plasmid, and theR andγ4 sequences, fused through
the SalI sites (sequence PREK/VDKRV at theR2/Cγ1
junction), were inserted into theHindIII-EcoRI sites of the
expression vector PEE12 (Cockett et al., 1990; Bebbington
et al., 1992). PEE12 was transfected into NS-0 cells and
permanent cell lines screened by ELISA using plates coated
in anti-IgG4 (MC007, The Binding Site, Birmingham, UK)
and an anti-IgG HRP conjugate (800-367-5296, Jackson).
IgG4-Fc-(sFcεRIR)2 was affinity purified on a protein
A-Sepharose column (Pharmacia).
Preparation of Fcε3-4. The cDNA sequence encoding

the ε-chain of human IgE (Kenten et al., 1982) from C328
to K547 was amplified from 25 ng of the pRY22 template
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[which contains the mutations C255A, N265Q, and N371Q
(Young et al., 1995)]. C328 and A329 are the last two amino
acids in Cε2, so the product encodes all of the Cε3 and Cε4
domains in addition to these two residues at the amino
terminus. The PCR was performed in a 100µL reaction
volume using 20 cycles of 94°C for 1 min, 62°C for 1
min, and 72°C for 1 min. The primer 5′ATCTGTGCA-
GATTCCAACCCGAGA was used to amplify the 5′ end of
the Cε3 sequence, and the plasmid-specific primer 5′CAAAT-
GTGGTATGGCTGA was used to amplify the 3′ end of the
construct. A product containing anEcoRV end with an extra
dipeptide DI immediately preceding C328 was amplified.
This modification allowed the PCR product to be ligated to
a light chain leader sequence, and subsequent leader process-
ing when the construct was expressed (Young et al., 1995).
The PCR fragment was cut downstream of the IgE poly-
adenylation sequence withHindIII and then ligated along
with an EcoRI-EcoRV restriction fragment containing the
light chain leader sequence (Young et al., 1995) intoEcoRI-
HindIII-restricted pSP64 (Promega). AnEcoRI-NheI restric-
tion fragment containing the construct was cut from this
vector and ligated into an NS-0 cell expression vector, and
stable NS-0 lines were established as described [see above
and Young et al. (1995)]. The human IgE Fcε3-4 protein
was purified from tissue culture supernatant on a sFcεRIR-
IgG Fc fusion protein affinity column (Sepharose, Pharmacia,
Sweden), eluted with 0.1 M glycine (pH 2.5), and im-
mediately neutralized with 1 M Tris. The protein was then
HPLC purified on a Superdex 75 HR 10/30 column (Phar-
macia, Sweden) using 50 mM sodium phosphate, 150 mM
sodium chloride, 500 mM arginine chloride (pH 6.0), and
0.05% NaN3. Samples were dialyzed into other buffers as
required.
Characterization of sCD23 and Fcε3-4. The purity and

molecular mass of the sCD23 and Fcε3-4 preparations were
verified by SDS-PAGE under reducing and nonreducing
conditions (Laemmli, 1970) and analytical ultracentrifuga-
tion. The concentrations of the Fcε3-4 and sCD23 solutions
were determined using calculated extinction coefficients at
280 nm of 64 520 and 45 180 M-1 cm-1, respectively, based
on the amino acid composition (Wetlaufer, 1962). Circular
dichroism spectra were measured in millidegrees for both
sCD23 and Fcε3-4 using a Jobin-Yvon CD-6 spectropola-
rimeter as follows. The samples were dialyzed into 10 mM
potassium phosphate at pH 7.5, placed in cylindrical quartz
cells (Hellma) with a path length of 0.5 mm, and scanned
from 195 to 260 nm at 10°C. The data were corrected by
subtraction of the solvent spectrum obtained under identical
conditions and converted to∆ε in liters per molar per
centimeter per backbone amide. Graphs were plotted using
Origin 4.0 (Microcal Software Inc., Northampton, MA), and
the percentages ofR-helix,â-sheet, and random coil structure
were calculated using the program CONTIN (Provencher &
Glockner, 1981). Cell binding assays were used to assess
the affinity of binding of Fcε3-4 to both native membrane-
bound CD23 on the RPMI 8866 B cell line and recombinant
high-affinity receptor FcεRIR expressed in CHO cells, using
methods described previously (Young et al., 1995.)
Sedimentation Equilibrium Studies.Analytical ultracen-

trifugation experiments were performed using a Beckman
XL-A analytical ultracentrifuge, as previously described
(Ghirlando et al., 1995). Sedimentation equilibrium experi-
ments on Fcε3-4 were conducted at various rotor speeds,

ranging from 16 000 to 20 000 rpm, and 4.0°C, whereas
experiments on sCD23 were conducted at rotor speeds
ranging from 18 000 to 26 000 rpm. Experiments to
determine the temperature dependence of the buoyant mo-
lecular masses of Fcε3-4 and sCD23 were performed in
TBS and 2 mM CaCl2 at 18 000 rpm and temperatures
ranging from 1.0 to 19.0°C. Data were analyzed in terms
of a single ideal solute to obtain the buoyant molecular mass,
M(1- νjF), as described (Ghirlando et al., 1995). Residuals
were calculated by subtracting the best fit of the model from
the experimental data. In all cases, a random distribution
of the residuals around zero was noted as a function of the
radius.
Experiments to study the interactions between sCD23 and

Fcε3-4 were carried out as described for IgG1-Fc and
sCD16 (Ghirlando et al., 1995). Data were collected at a
rotor speed of 18 000 rpm and temperatures in the range of
1.0 to 19.0°C in TBS and 2 mM CaCl2. Data analyses by
mathematical modeling were performed using Sigma Plot
4.16 (Jandel Scientific, San Rafael, CA) operating on a Power
Macintosh 7100/66 computer. Simultaneous weighted non-
linear least-squares fitting of the data sets at each temperature
was performed using different mathematical models of the
following form:

whereAo,A is the absorbance of Fcε3-4 at a reference point
ro andAo,B is the absorbance of sCD23 at the reference point
ro. The values ofMA andMB represent the experimentally
determined buoyant molecular masses for Fcε3-4 and
sCD23, respectively. It is assumed that no changes in the
partial specific volume occur upon complex formation and
that the buoyant molecular mass of a complex is the sum of
that of the components. The apparent equilibrium constants
k01, for the 1:1 association, andk02, for the 1:2 association
of free Fcε3-4 and sCD23 (Figure 1), are on an absorbance
concentration scale.Ar, H, and E have been previously
defined (Ghirlando et al., 1995). These models have the
equilibrium constant(s) as global fitting parameter(s) and cell
reference concentrations and baseline corrections as local
fitting parameters. Data fitting was done on two sets of data
to yield average values of lnk01 and lnk02.
Thermodynamic Analysis.The values of lnk01 and lnk02

obtained by data modeling were converted to lnK01 and ln
K02 values,K01 andK02 now being association constants on
a molar scale, using the extinction coefficients calculated
for the Fcε3-4 dimer and sCD23. The corresponding free
energies∆G°01 and∆G°02 at each temperature investigated,
describing the overall 1:1 and 2:1 associations, respectively,
were then calculated:

It is assumed that the dimeric Fcε3-4 chain possesses two
identical and symmetrically related binding sites for the first
sCD23 species. As shown in Figure 1 [using the nomen-
clature of Weber (1975), as described in Cantor and
Schimmel (1980)], this leads to identical values ofK1 and
K2, these being the association constants for the formation
of Fcε3-4-sCD23 and sCD23-Fcε3-4 respectively. Ac-

Ar ) Ao,A exp[HMA(r
2 - ro

2)] + Ao,Bexp[HMB(r
2 -

ro
2)] + Ao,AAo,B exp[lnk01 + H(MA + MB)(r

2 - ro
2)] +

Ao,A(Ao,B)
2 exp(lnk02 + H(MA + 2MB)(r

2 - ro
2)] + E

(1)

∆G° ) -RT ln K (2)
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cordingly, on the basis of the relations betweenK1, K2, and
the overall constantK01, it follows that

∆G°02 returned from the sedimentation equilibrium data is
equivalent to∆G°(1,2) (Figure 1), which is the overall free
energy for binding the first and second sCD23 molecules to
Fcε3-4. The coupling free energy,∆G°12, which indicates
the mutual effect of the one sCD23 on the other, is defined
in Figure 1. It is the difference between the standard free
energy for the overall reaction to sCD23-Fcε3-4-sCD23
and the sum of the standard free energies∆G°1 and∆G°2.
The values of∆G°1(2) and∆G°2(1) are identical on the basis
of symmetry considerations. These describe the association
of a second sCD23 species with Fcε3-4-sCD23 and
sCD23-Fcε3-4, respectively, and were calculated from the
difference of∆G°(1,2) and∆G°1 ) ∆G°2.
The enthalpies (∆H°), entropies (∆S°) and changes in the

heat capacity of association (∆Cp°) for the 1:1 association
of Fcε3-4 with sCD23 and the association of the 1:1 Fcε3-
4-sCD23 complex with a further sCD23 molecule were

obtained by fitting the data for∆G°1 and∆G°1(2) to

using a reference temperatureTo of 273.15 K. It is assumed
that ∆Cp° is a temperature-independent variable (Yoo &
Lewis, 1995).
Sedimentation Velocity Studies.Sedimentation velocity

experiments were performed at 20.0°C on the Beckman
Optima XL-A instrument at different rotor speeds ranging
from 40 000 to 50 000 rpm in the case of Fcε3-4 or 50 000
to 60 000 rpm for sCD23. Loading concentrations corre-
sponding to initial measuredA280 values of 0.8 (Fcε3-4 in
PBS and 0.05% NaN3) and 0.7 (sCD23 in TBS and 2 mM
CaCl2) were used. Data were acquired as single absorbance
measurements at a nominal wavelength of 280 nm and a
radial spacing of 0.003 cm and analyzed with the program
XLAVEL (Beckman) to yield the uncorrected sedimentation
coefficient. Data from several runs were averaged and
corrected to obtains20,w as previously described (Keown et
al., 1995).
Hydrodynamic Modeling.The sedimentation coefficient

for Fcε3-4 was computed on the basis of models of the
structure of IgE-Fc (Padlan & Davies, 1986; Helm et al.,
1991), using carbohydrate chains modeled on those found
in the human IgG-Fc crystal structure (Deisenhofer, 1981)
as described previously (Keown et al., 1995; Beavil, A. J.,
et al., 1995). Similarly, the sedimentation coefficient for
the sCD23 was computed by modeling this putative C-type
lectin domain on the basis of the structure of the homologous
domain reported for the mannose binding protein (Weis et
al., 1991, 1992; Padlan & Helm, 1993).

RESULTS

Fcε3-4 and sCD23 Are Pure and Monodisperse.The
purity of the protein preparations was assessed by reducing
and nonreducing SDS-PAGE (Laemmli, 1970) (Figure 2a).
sCD23 migrates as a single band with an apparent molecular
mass of 16 kDa under both reducing and nonreducing
conditions. Under nonreducing conditions, the Fcε3-4
preparation showed two bands corresponding to a dimer
(apparent molecular mass of 55 000 Da) and a monomer
(apparent molecular mass of 30 000 Da), indicating that
approximately 90% of the Fcε3-4 preparation contains the
native interchain disulfide link C328 connecting the N termini
of the two Cε3 domains. Under reducing conditions, a single
monomeric band is observed. Sedimentation equilibrium
was used to determine the molecular mass of the protein
fragments (Figure 2b, Table 1). These experiments give the
buoyant molecular massM(1 - νjF) and give information
on the polydispersity of the samples. The sedimentation
equilibrium distribution for sCD23 (Figure 2b, part A) shows
that this preparation is monodisperse, within the experimental
precision of the method. Using the calculated partial specific
volume (νj) of 0.719 cm3 g-1, based on the amino acid
composition (Perkins, 1986), the experimentally determined
M(1 - νjF) of 4750( 140 g mol-1 at 19°C corresponds to
a molecular mass of 16 900( 500 g mol-1. This is larger
than the molecular mass of 15 757 g mol-1 calculated from
the amino acid composition alone. Since the same buoyant
molecular mass is obtained at various rotor speeds, the larger

FIGURE 1: Reaction and free energy diagram for a system of two
sCD23 molecules (B) with one Fcε3-4 fragment (A). (A) Reaction
scheme for the 1:1 and 2:1 association of sCD23 with Fcε3-4.
The association constantsK1, K2, K2(1), andK1(2) are defined.
Analytical ultracentrifugation only allows for a distinction of
associating species based on their molecular mass, leading to the
apparent association constantsK01 andK02 for 1:1 and 2:1 complex
formation, respectively. On the basis of symmetry considerations,
the complexes AB and BA are equivalent, leading to the relations
betweenK01, K1, andK2, as well as betweenK02, K1K2(1), andK2K1-
(2) shown. (B) Free energy diagram for the 1:1 and 2:1 association
of sCD23 with Fcε3-4. The labeled states define the sum of the
standard chemical potentials of the particular species. The notation
for the free energy changes follows that used for the association
constants. The coupling free energy,∆G°12, is defined as shown.
It represents the difference between the standard free energy for
the overall reaction to BAB and the sum of the standard free
energies for the reactions A+ B ) AB and A + B ) BA [after
Weber (1975) and Cantor and Schimmel (1980)]. The notation for
∆H°, ∆S, and∆Cp° follows that for∆G°.

∆G°1 ) ∆G°2 ) ∆G°01 + RT ln 2 (3)

∆G° ) ∆H°To - T∆S°To + (T- To)∆Cp° -

T∆Cp° ln(T/To) (4)
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molecular mass calculated is not due to self-association of
sCD23. In addition, no evidence for glycosylation was found
experimentally (data not shown); therefore, the large value
of M(1 - νjF) is a reflection of a smaller than calculatedνj.
On the basis of the buoyant molecular mass at 19°C, an
experimental value forνj is calculated to be 0.695( 0.009
cm3 g-1.
Sedimentation equilibrium data for the Fcε3-4 (Figure

2b, part B) indicated that this preparation is also monodis-
perse within the experimental precision of the technique. The
molecular mass was calculated fromM(1 - νjF) using theνj

for the protein component (p) calculated from the amino acid
composition (Perkins, 1986) and theνj of 0.65 cm3 g-1 for
the carbohydrate component (c) (Durchschlag, 1986) ac-
cording to eq 5 (Ghirlando et al., 1995).

The calculated molecular mass is 52 200( 900 g mol-1,
within experimental error of the value of 52 797 g mol-1

predicted for dimeric Fcε3-4 with full occupancy of the
glycosylation sites. It therefore appears that, although 10%

FIGURE 2: Recombinant sCD23 and Fcε3-4 are single, monodisperse species. (a) Five to twenty percent gradient SDS-PAGE of Fcε3-4
and sCD23, reducing and nonreducing: lane 1, Fcε3-4 reduced; lane 2, sCD23 reduced; lane 3, molecular mass markers; lane 4, sCD23
nonreduced; and lane 5, Fcε3-4 nonreduced. (b) Sedimentation equilibrium data for sCD23 and Fcε3-4, shown as a distribution ofA280
at equilibrium. Data were collected at 4.0°C and 22 000 rpm for sCD23 (A) and 16 000 rpm for Fcε3-4 (B). The results are analyzed for
the best single-componentM(1 - νjF) fit, shown as a line through the experimental points. Corresponding distributions of the residuals are
shown above each plot.

Table 1: Sedimentation Equilibrium and Velocity Data

sample M(1- νjF) (g mol-1)a Mexp (g mol-1)b (dνj/dt)/10-4 (cm3 g-1 K-1) experimentals20,wa modeleds°20,wc

sCD23 4870( 160 (3) 15757 7.3( 0.7 1.92( 0.05 (3) 1.95
Fcε3-4 14000( 300 (9) 52200( 900 4.2( 1.0 3.77( 0.05 (5) 3.85
a Experimentally determined mean values based onnmeasurements (n shown in parentheses) together with the standard error. Buoyant molecular

masses were measured at 4.0°C, and experimentals20,w data are based on data collected at 20.0°C. bMeasured values of the molecular mass based
on the experimental values ofM(1 - νjF), calculated as described in eq 5 (Ghirlando et al., 1995). In the case of sCD23, the value of the partial
specific volume was obtained on the basis of the protein molecular mass directly.cModeled values obtained as described in the text.

M(1- νjF) ) M(1- νjcF) + Mp(νjc - νjp)F (5)
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of the preparation does not contain the disulfide link (Figure
1a), it is still dimeric.
Fcε3-4 and sCD23 Are Fully Folded and ActiVe. Cir-

cular dichroism spectra were measured for Fcε3-4 and
sCD23 (Figure 3a), and the amount of secondary structure
was calculated using CONTIN (Provencher & Glockner,
1981). The values indicate that Fcε3-4 is composed mostly
of â-sheet, as predicted for a correctly folded immunoglo-
bulin domain. This indicates that loss of the Cε2 domains
does not destabilize either of the Cε3 or Cε4 domains. The
values measured for sCD23 are consistent with secondary
structural elements similar to those in the related mannose
binding protein (Weis et al., 1991). Cell binding studies
indicate that Fcε3-4 binds to membrane CD23, with aKa

of (5.9( 2.3)× 106 M-1, and a representative set of binding
data is shown in Figure 3b. In addition, Fcε3-4 binds to
the high-affinity receptor FcεRI with aKa of 9 × 1010 M-1

(Keown et al., 1997), and both of these values are comparable
to those previously published for recombinant IgE-Fc
(Young et al., 1995).
The experimentally determined values ofνj for Fcε3-4

and sCD23, derived from measurements of the buoyant
molecular masses, vary linearly with temperature in the range
from 1 to 19°C (Figure 4). Fcε3-4 yields a slope (dνj/dT)
of 4.2× 10-4 cm3 g-1 K-1, and sCD23 is characterized by
a dνj/dT of 7.3 × 10-4 cm3 g-1 K-1 (Table 1). A linear
dependence ofνj with temperature has been observed for a
number of proteins [reviewed in Durchschlag (1986)] with
an average dνj/dT of 4.25 × 10-4 cm3 g-1 K-1, a value
identical to that measured for Fcε3-4. Interestingly, Fcε3-4
gives a value which is slightly smaller than that reported for
IgG1-Fc (Ghirlando et al., 1995), a similar two domain
disulfide linker dimer. sCD23 gives a value of dνj/dTwhich
is larger than typically found but is within the range reported
for various proteins (Durchschlag, 1986). Large values of
dνj/dT can be indicative of unfolded protein states
(Durschschlag, 1986), but the data for Fcε3-4 and sCD23
suggest that both these protein preparations are fully folded.
The compact nature of these proteins has also been verified

using sedimentation velocity studies. Sedimentation coef-
ficients (s20,w) were measured experimentally (Table 1) and
compared to those calculated on the basis of models of

homologous systems. Calculateds°20,w values for Fcε3-4
were based on IgE-Fc models (Padlan & Davies, 1986;
Helm et al., 1991) and for sCD23 were based on data from
the crystal structure of mannose binding protein (Weis et
al., 1991, 1992; Padlan & Helm, 1993). The calculateds°20,w
values are identical, within experimental error, to the
measured values (Table 1) and confirm that both proteins
are compact structures. All of these data suggest that both
protein fragments adopt a native conformation in solution.
sCD23 and Fcε3-4 Interact To Form 1:1 and 2:1

Complexes. In order to establish the stoichiometry of
possible sCD23 and Fcε3-4 complexes, a series of sedi-
mentation equilibrium experiments were carried out on
mixtures of the two components. Three different sCD23:
Fcε3-4 loading ratios, corresponding to 1:2, 1:1, and 2:1,
were studied simultaneously at various temperatures. The
sedimentation equilibrium data from the three different
loading ratios were fitted simultaneously to various models,
on the basis of the formation of 1:1 or 2:1 complexes of
sCD23-Fcε3-4. The data were initially fitted to models

FIGURE 3: sCD23 and Fcε3-4 are fully folded and active. (a) Circular dichroism spectra of sCD23 (A) and Fcε3-4 (B). The curves were
analyzed using CONTIN (Provencher & Glockner, 1981), and the predicted values ofR-helix, â-sheet, and other structure are indicated.
(b) A representative set of binding assay data and the corresponding association constant for Fcε3-4 binding to membrane CD23 on RPMI
8866 cells as previously described for IgE-Fc (Young et al., 1995). The experiment was performed in duplicate, and the values were
averaged, with the error bars indicating the range between data points.

FIGURE 4: Variation of partial specific volume with temperature.
Experimentally determined values of the partial specific volumeνj
for sCD23 and Fcε3-4 in TBS and 2 mM CaCl2 as a function of
the temperature, calculated from the concentration distribution at
equilibrium at a rotor speed of 16 000 rpm. The loading concentra-
tions were anA280 of 0.5. The error is based on the standard error
of the buoyant molecular mass returned from the fit to eq 1. The
best fit straight lines to the data are as follows:νj ) 0.730+ [4.2
× 10-4T (in degrees Celsius)] (R2 ) 0.85) for Fcε3-4 andνj )
0.681+ [7.3× 10-4T (in degrees Celsius)] (R2 ) 0.98) for sCD23.
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in which sCD23 and Fcε3-4 interact to form only 1:1
complexes (corresponding to eq 1 with the last term
containing lnk02 removed) or 2:1 complexes (corresponding
to eq 1 with the term containing lnk01 removed). In both
cases, a nonrandom residual distribution was observed
(Figure 6) and a corresponding minimum sum of squares of
6.2 × 10-3 was obtained for each at 16.0°C. When the
data were fitted to the model described by eq 1, that is,
allowing for the formation of both 1:1 and 2:1 complexes,
an excellent fit to the experimental data was obtained with
an improved residual distribution (Figure 5) and a minimum
sum of squares value of 4.2× 10-3. Indeed, this model
yields an excellent fit to the data at all temperatures, returning
ln K01 and lnK02 values of 12.7( 0.21 and 24.3( 0.15 at
1.0 °C, respectively, and 12.2( 0.19 and 23.4( 0.07 at
19.0 °C, respectively. Figure 5A shows the best fit to the
data at 16.0°C using this model. The corresponding
residuals (Figure 5B) are typical of those obtained at various
temperatures and illustrate the validity of this model. We
note, furthermore, that the residuals of the best fit (Figure
5B) were found to be normally distributed at all temperatures
studied (data not shown). To further test the validity of this
model, the data were also fitted using a model in which
sCD23 and Fcε3-4 associate to form 1:1, 2:1, and even 3:1
complexes [corresponding to eq 1 with an additional term
of the formAo,A(Ao,B)3 exp[lnk03 + H(MA + 3MB)(r2 - ro2)],
wherek03 is the apparent association constant for 3:1 complex
formation]. In this case, the fit returns lnk01 and lnk02 values
identical to those obtained for the 1:1 and 2:1 association.

A ln k03 value of less than-60 (corresponding to a lnK03

value of-29) is returned, showing that sCD23 and Fcε3-4
interact to form only 1:1 and 2:1 complexes. The data were
also fitted using a model in which sCD23 and Fcε3-4
associate to form a single complex having 3:1 stoichiometry.
In this case, nonrandomly distributed residuals (data not
shown) were obtained with a sum of squares of 13× 10-3.
These data illustrate that Fcε3-4 only binds a maximum of
two sCD23 molecules in a stepwise manner.

Modeling the data in terms of the formation of both 1:1
and 2:1 complexes requires more fitting parameters than that
for 1:1 or 2:1 complex formation, and we were concerned
that the better fit and lower residuals for formation of both
1:1 and 2:1 complexes may just be a consequence of the
increased parameters in eq 1. Such an effect would be
compounded by the differences of the buoyant molecular
masses of the interacting species (Table 1) and the low-
affinity interaction. We note, however, that excellent fits
to the data were obtained at all temperatures (Figure 5B and
results not shown). To ensure that the data can indeed be
modeled or fitted in terms of the formation of both 1:1 and
2:1 complexes, similar experiments were undertaken using
three different rotor speeds (14 000, 16 000, and 18 000 rpm)
at 1.0 °C. At all rotor speeds investigated, the data were
best modeled using eq 1 describing both 1:1 and 2:1 complex
formation. Identical values of lnk01 and lnk02 (within the
experimental precision of the method) were returned, justify-
ing the use of this model.

FIGURE5: Formation of 1:1 and 2:1 complexes of sCD23 and Fcε3-4. Sedimentation equilibrium profiles at 280 nm, and the corresponding
residuals, for mixtures of sCD23 and Fcε3-4 at 16 000 rpm and 16.0°C. The symbols correspond to the following sCD23:Fcε3-4 ratios:
1 (circles), 2:1; 2 (squares), 1:1; and 3 (triangles), 1:2. The initial concentrations corresponded to a combinedA280of 0.5. (A) Sedimentation
equilibrium profiles at 280 nm. The data for 3 have been shifted by+0.15A280 for clarity. The lines through the data are the best fit for a
reversible 2:1 association. (B) Distribution of the residuals for the 2:1 interaction between sCD23 and Fcε3-4.
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Thermodynamics of the Association of sCD23 with Fcε3-
4. After the fact that sCD23 and Fcε3-4 associate to form
both 1:1 and 2:1 complexes had been established, all of the
data were analyzed in terms of this model (eq 1). Using the
experimentally observed linear dependence ofνj for both
sCD23 and Fcε3-4 (Figure 4), and the molecular masses
(Table 1), the corresponding values ofM(1 - νjF) for both
components at each temperature were computed. The
corresponding values of apparent association constants, for
formation of a 1:1 and a 2:1 complex from free reagents
(K01 andK02, respectively), were then obtained.
Considering that the dimeric Fcε3-4 molecule presents

two symmetrically identical binding sites for sCD23, it
follows that the value ofK01 is equal to 2K1, or K2. K1 and
K2 represent, respectively, the association constants for the
formation of symmetric Fcε3-4-sCD23 and sCD23-
Fcε3-4 complexes (Figure 1). As both sites are identical,
K1 ) K2, which in turn allows for an evaluation of these
parameters fromK01. The formation of the 2:1 complex from
the individual components is described byK02. The values
of bothK1 andK02 were found to decrease with temperature.
K1 decreases from a nominal value of 1.6× 105 M-1 at 1.0
°C to 0.95× 105 M-1 at 19.0°C, andK02 decreases from a
nominal value of 3.4× 1010 M-2 at 1.0°C to 1.5× 1010

M-2 at 19.0°C. Temperature-dependent free energy values
characterizing the 1:1 association of Fcε3-4 and sCD23 to
Fcε3-4-sCD23 or sCD23-Fcε3-4,∆G°1 ) ∆G°2, and the
association of the second sCD23,∆G°1(2)) ∆G°2(1), were
calculated (Figure 1) and fitted to eq 4 to yield the
thermodynamic parameters characterizing these associations
(Table 2). The corresponding data fits are shown in Figure
7. These parameters are derived on the basis of the

assumption of a temperature-independent change of the heat
capacity for the association,∆Cp°, leading to temperature-
dependent enthalpies and entropies (Yoo & Lewis, 1995).
This assumption would appear justified, as fitting the data
to an expanded form of eq 4 leads to a zero coefficient for
the term in d(∆Cp°)/dT. In both cases, the thermodynamics
are typical of entropy-enthalpy compensation processes in
which |∆Cp°|. |∆S°|. The associations are both character-
ized by a favorable enthalpic contribution over most of the
temperature range studied, except that the formation of the
1:1 complex has a far larger and favorable∆H°To. The
negative value and magnitude of∆Cp°1 identifies this
association process as one in which local folding/rearrange-
ment is coupled to complex formation (Spolar & Record,
1994). The binding of the second sCD23 is mildly coopera-
tive as this is accompanied by a negative coupling free energy
value (∆G°12, Figure 1) at all temperatures studied [i.e. the
binding of a second sCD23 species by the 1:1 complex is
favored over the formation of a 1:1 complex as depicted in
Figure 7, ∆G°2(1) < ∆G°1]. A temperature-averaged
coupling free energy∆G°12 of -220 ( 55 cal mol-1 is

FIGURE 6: sCD23 and Fcε3-4 do not form a single complex. (A) Distribution of the residuals for the 1:1 interaction of sCD23 and Fcε3-4
obtained on the basis of the experimental data in Figure 5A. The symbols correspond to different sCD23 and Fcε3-4 as described in Figure
5. (B) Distribution of the residuals for the 2:1 interaction of sCD23 and Fcε3-4.

Table 2: Thermodynamic Parameters for the Association of sCD23
and Fcε3-4

parameters 1:1 associationa 2:1 associationb

∆H°To (kcal mol-1) -2.1( 3.3 0.1( 5.6
∆S°T0 (cal mol-1 K-1) 16( 12 25( 20
∆Cp° (cal mol-1 K-1) -320( 320 -140( 550
a Thermodynamic parameters describing the binding of the first

sCD23 to Fcε3-4 on the basis of∆G°1. b Thermodynamic parameters
describing the binding of the second sCD23 to the 1:1 complex of
sCD23 and Fcε3-4, on the basis of∆G°2(1).
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calculated. This binding event involves a smaller negative
change in∆Cp° and is characterized by different thermo-
dynamic parameters (Table 2). Unlike the case of∆G°1,
the data for∆G°2(1) can also be modeled, with an identical
correlation coefficient, using a van’t Hoff analysis. This
leads to temperature-independent∆H°2(1) and∆S°2(1) values
of -1.3 ( 1.3 kcal mol-1 and 20( 5 cal mol-1 K-1,
respectively.∆Cp°2(1) is necessarily zero. Accordingly, the
value computed for∆Cp°2(1) (Table 2) represents a lower
limit, and valid values for∆Cp°2(1) are bounded by this and
zero. On the basis of the van’t Hoff analysis for the
∆G°2(1) data, we note that the values of∆H°2(1) and∆S°2-
(1) are identical (within experimental error) to∆H°1 and∆S°1
values at 273.15 K. Despite these apparent similarities at
low temperatures, the thermodynamics of the 1:1 association
are characterized by a significant negative value of∆Cp°,
leading to the observed curvature in∆G°1 (Figure 7). This
results in different thermodynamics for the binding of the
first and second sCD23, as is evident from the data at
temperatures above 285 K. On the basis of these differences,
the temperatures at which the enthalpic contributions become
zero,TH, are 267 and 272 K, respectively, for the binding of
the first and second sCD23. The corresponding entropic
contributions are essentially zero at aTS of 287 and 326 K,
respectively.

DISCUSSION

Characterization of Fcε3-4 and sCD23.The recombinant
fragment of human IgE-Fc, referred to as Fcε3-4, encom-
passes both the Cε3 and Cε4 domains from residues C328
to K547. This Fcε3-4 preparation resembles the Fcε
(A329-K547) preparation of Basu and co-workers (Basu
et al., 1993), who have shown that their preparation (despite
the lack of C328) was primarily dimeric, with evidence for
both monomer-dimer and dimer-tetramer self-associations.
As such associations, presumably a result of the lack of
residue C328, would have made our investigations into the
interactions more difficult, C328 was retained. Nonreducing
SDS-PAGE analysis indicates that at least 90% of the
material is covalently dimeric; whereas reducing SDS-

PAGE shows the material to be homogeneous (Figure 2a).
Sedimentation equilibrium experiments on Fcε3-4 clearly
demonstrate that the material is monodisperse and dimeric
with all N-glycosylation sites fully occupied (Table 1). As
has been observed for the homologous IgG1-Fc (Ghirlando
et al., 1995),νj for Fcε3-4 increases linearly with temper-
ature, in the range of 1.0-19.0°C, with a slope (dνj/dT) of
(4.3 ( 1.0) × 10-4 cm3 g-1 K-1 (Figure 4). This, along
with the observation that the experimentals20,w value is
identical to that calculated on the basis of an Fcε3-4 model
(Table 1), indicates that Fcε3-4 is also folded into a compact
state (Durchschlag, 1986). In addition, cell binding assays
demonstrate that Fcε3-4 binds to membrane CD23 and
FcεRI with affinities similar to those reported for IgE-Fc
(Figure 2b; Young et al., 1995), thus confirming that Fcε3-4
adopts a native structure.

Recombinant sCD23 comprises the whole of the putative
C-type lectin domain involved in the recognition of IgE
(Bettler et al., 1992). In the presence of calcium ions, the
sCD23 preparation was found to be monodisperse by
analytical ultracentrifugation. The linear dependence ofνj
with temperature indicates that this material is also compact
(Figure 4), and the low value of 7.3× 10-4 cm3 g-1 K-1 for
dνj/dT may be a reflection of the significant proportion of
unstructured residues. On the basis of a comparison with
the crystal structure of the rat mannose binding protein (Weis
et al., 1991, 1992), the C-lectin domain of human CD23 is
expected to contain 19% of the residues in anR-helical
conformation and 30% in aâ-sheet structure, with most of
the remaining residues constituting a central loop held
together by calcium ions (Padlan & Helm, 1993). Circular
dichroism experiments yield spectra which are consistent
with 26%R-helix and 34%â-sheet (Figure 2a). Modeling
of sCD23 based on this crystal structure and calculation of
thes°20,w value returns a sedimentation coefficient identical
to that obtained experimentally (Table 1), indicating that the
sCD23 fragment is folded into the correct structure.

Fcε3-4 Contains Two Distinct Binding Sites for sCD23.
Sedimentation equilibrium data for mixtures of sCD23 and
Fcε3-4 demonstrate that these species interact with low
affinity to form both 1:1 and 2:1 complexes (Figure 5). These
observations are consistent with cell binding assays in which
murine IgE binding to FcεRII+ CHO or LPS/IL-4 B blasts
was shown to result in a biphasic Scatchard curve (Melewicz
et al., 1982; Dierks et al., 1993; Bacon et al., 1993). The
lower-affinity binding component was attributed to the
interaction of IgE with monomeric CD23 to form a 1:1
complex on the cell surface (Ka ) 2 × 106 M-1 at 4 °C, a
value larger than the nominalK01 of 3.2× 105 M-1 obtained
at 4.0°C by sedimentation equilibrium in the present study).
However, murine sCD23 was found to have an affinity of
105-106 M-1 (Bartlett et al., 1995), similar to theKa we
have determined for human sCD23. The higher affinity
binding for membrane CD23 observed by Scatchard analysis
(corresponding to aKa of 1.5 × 108 M-1 at 4 °C) was
attributed to the binding of IgE to CD23 oligomers on the
cell surface (Beavil et al., 1992; Beavil, R. L., et al., 1995).
As the oligomerized CD23 contains two or three lectin
domains, the higher binding affinity could be explained by
the prediction of two binding sites in IgE that lead to
cooperative binding (Crothers & Metzger, 1972). The
analytical ultracentifugation data unequivocally prove the

FIGURE 7: Temperature variation of the free energy of association
for 1:1 and 2:1 complexes of CD23 with Fcε3-4. Temperature
dependence of the free energy∆G° for the 1:1 association of sCD23
with Fcε3-4 (∆G°1) and the association of a second sCD23 with
the 1:1 sCD23/Fcε3-4 complex [∆G°1(2)]. The error bars represent
the estimated standard error returned from fitting the experimental
data. The∆G°T data were fitted to eq 4 with a reference temperature
To of 273.15 K to yield the parameters in Table 2 and the best fit
lines shown.
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existence of two sCD23 binding sites in the Fcε3-4 domain
of IgE.
The values of∆G° characterizing the 1:1 and 2:1 associa-

tions [∆G°1 and∆G°(1,2), respectively (Figure 1)] were used
to determine∆G°2(1), the free energy describing the binding
of the second sCD23 species, thus allowing for a direct
comparison of the first and second binding events (Table 2,
Figure 7). The errors in thermodynamic parameters leave
open the possibility that the thermodynamics of the interac-
tions of the first sCD23 molecule with Fcε3-4 and the
second sCD23 with the 1:1 complex are different. The
observed values of∆Cp°1 and∆Cp°2(1) and the correspond-
ing values ofTS suggest that 1:1 complex formation is
accompanied by a larger induced fit/conformational change
than 2:1 complex formation (Spolar & Record, 1994),
altogether suggesting that Fcε3-4 has two distinct binding
sites for CD23.
Models of IgE binding to CD23 on the cell membrane

(Dierks et al., 1993; Bacon et al., 1993) suggest that two
lectin domains can bind to a single IgE molecule. The
consequences of a rigid trimeric CD23 with a coiled-coil
stalk (Sutton & Gould, 1993), and 3-fold symmetry, binding
to a two-chain IgE-Fc are presented in Figure 8. It is
sterically impossible for any two of the lectin heads to bind
to IgE in the same manner without severe structural distor-
tion, as the regions which contact the IgE in two adjacent
heads are on different parts of the lectin domain. These
complementary regions on the CD23 lectin head contact one
face of the Fc which is composed of opposite sides of the
two Cε3 domains, resulting in two modes of CD23 lectin
binding.
The thermodynamic data presented for formation of a 2:1

complex between sCD23 and Fcε3-4 are consistent with
this model of oligomeric CD23 binding to IgE (Figure 8).
In this model, the CD23 lectin domains interact with one
another, as well as with IgE, and it is possible that, in the
case of the sCD23-Fcε3-4 interaction, the second sCD23
is binding to both Fcε3-4 and the first sCD23 molecule. A
notable example of such an interaction is the binding of
growth hormone receptor (GHbp) to two molecules of growth
hormone (GH1 and GH2) (Cunningham et al., 1991).
Binding of GH1 generates a new site for the binding of the

second growth hormone molecule GH2, which is made up
of both GH1 and GHbp. It is tempting to speculate that the
binding of one sCD23 molecule (analogous to GH) to IgE
(analogous to GHbp) generates a new site for the binding of
a second sCD23 that is made up of both IgE and the first
molecule of sCD23. Although sCD23 is monomeric,
protein-protein cross-linking studies indicate a (weak)
tendency for self-association (Beavil, R. L., et al., 1995),
and there are certainly contacts between the homologous
lectin domains in the crystal structure of mannose binding
protein (Weis & Drickamer, 1994; Sherriff et al., 1994). It
may be that, on binding to IgE, the two sCD23 lectin domains
are interacting with one another in the same way as they
would in the trimer, suggesting that as in GH there may also
be two binding sites for IgE in the lectin domain of CD23.
This would be consistent with the mapping of the IgE binding
site on human CD23 to two distinct epitopes on the lectin
domain (Bettler et al., 1992). Further studies are required
to analyze the structure of the IgE-(sCD23)2 complex.
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