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ABSTRACT The interaction between immunoglobulin E
(IgE) and its high-affinity receptor FceRI is central to allergic
disease. The binding site for FcERI lies in the third constant
region domain of the E heavy chain of IgE (CE3). Identical
epitopes on the two CO3 domains in the IgE-Fc are predicted
to be on opposite sides of the structure, and therefore each
could bind independently to a receptor molecule. Titrations,
however, reveal that the IgE-Fc forms an equimolar complex
with a soluble fragment of the FcERI a chain (sFcERIa), and
the molecular weight of the complex, as determined by sedi-
mentation equilibrium, confirms this stoichiometry. The
measured sedimentation coefficients of the two ligands are in
good agreement with computed values for a compact IgE-Fc
and an elongated sFcERIa structure. The calculated sedimen-
tation coefficients for possible models of a 1:1 complex lead to
exclusion of all highly extended geometries for the complex.
Possible explanations for the paradoxical stoichiometry of the
IgE-Fc/sFcERIa complex, in terms of the curved shape of
IgE, a conformational change in IgE when the receptor binds,
and steric interference between two molecules of FceRI bind-
ing to identical sites, are discussed.

Immunoglobulin E (IgE) is distinguished from other antibody
classes by its s heavy chain. Its high-affinity receptor, FcERI,
is primarily expressed on the surface of mast cells and ba-
sophils and is thought to be of major importance in IgE-
dependent functions, which are relevant to the etiology of
allergic disease (1). The affinity of IgE for FcsRI (Ka = 1010
M-1) is more than an order of magnitude greater than that for
antibodies of any other class with any known Fc receptor (2).
The stability of the interaction may be inseparable from the
role of IgE in immediate hypersensitivity reactions.
FcsRI binds to the Fc region of IgE (3, 4), which is a

disulfide-linked dimer of a polypeptide chain, comprising the
second, third, and fourth constant region domains, Cs2-Cs4,
of the s heavy chain. This region is thought to be made up of
two associated immunoglobulin domains, (CE2)2 and (Cr4)2,
with two widely separated (CE3) domains between them (1).
FcrRI is made up of four chains (a, 1B, Y2), but the extracellular
portion of the a chain, comprising two immunoglobulin-like
domains, is sufficient to generate full binding affinity (5, 6).
The binding sites have been further mapped to CE3 in the
IgE-Fc (refs. 7-9; reviewed in refs. 1 and 10) and to the second,
membrane-proximal immunoglobulin-like domain, a2, in the
a chain (refs. 11 and 12; reviewed in ref. 1). Although the
binding sites in IgE and FcsRI are thus roughly defined, little
is known about the arrangement of the two ligands in the
complex. The stability of the complex makes it amenable to
study by hydrodynamic methods in dilute solution. Here we

have used recombinant protein fragments, representing the
IgE-Fc and the extracellular portion of the FcsRI a chain, to
determine the binding stoichiometry and to test various struc-
tural models of the complex.

MATERIALS AND METHODS
Recombinant Human IgE-Fc and Soluble Fragment of the

FcrRI a Chain (sFcfRlc). Preparation of the IgE-Fc is de-
scribed in detail elsewhere (13) and that of sFcRIRa resembles
atrunc of Blank et al. (6) (unpublished data). Molar absorptivities
of 95,700 and 54,700 M-1 cm-1, respectively, at 280 nm have been
calculated from the amino acid compositions (14).

Titration of IgE-Fc with sFceRlcI. Titrations were carried
out by mixing 10-6 M solutions of the two proteins in various
proportions, keeping the total molar protein concentration
constant. Because of the extremely slow dissociation rate of the
complex, the concentration could be determined by separating
the unbound components from the complex by HPLC chro-
matography on a Zorbax Bioseries column (i.d., 250 x 100
mm) in 50 mM sodium phosphate/150 mM sodium chloride/
500 mM arginine chloride, pH 6.0. The isolated complex was
estimated spectrophotometrically at 280 nm.

Preparation of the IgE-Fc/sFccR1a Complex. The IgE-Fc
and sFcrRla were mixed in equimolar proportions and the
complex was purified by HPLC. Samples were concentrated
with ultrafiltration with Diaflo YM10 membranes (Amicon)
and dialyzed into PBS.

Electrophoresis. The free ligands and the complex were
analyzed by electrophoresis on SDS/15% polyacrylamide gels
under nonreducing conditions (15). Proteins were stained by
using the ISS pro-blue staining system (NBS Biologicals) and
apparent molecular weights based on the migration of colored
protein markers (range, 14,300-200,000; Amersham).

Sedimentation Equilibrium Studies. Sedimentation equilib-
rium experiments at 4.0°C in a Beckman Optima XL-A analytical
ultracentrifuge were conducted using an An6OTi rotor at three or
more different speeds for each sample, ranging from 11,000 to
17,000 rpm for the IgE-Fc and complex and from 18,000 to 22,000
rpm for the sFcsRIa. Data were acquired as an average of 20
absorbance measurements at 280 nm at a radial interval of 0.001
cm with a solution column of 2 mm. Equilibrium was usually
established within 10 h. Initial protein concentrations corre-
sponded to a measured A280 of -0.3 for the IgE-Fc and the
complex and 0.6 for sFcsRIa. The data were analyzed assuming
a single ideal solute, to obtain the buoyant molecular weight M(1
- vp) by the following equation (Optima XL-A data analysis
software, version 2.0, Beckman running under Origin 2.8):

Abbreviations: Cr2, Cr3, and Cr4, second, third, and fourth constant
region domains of s heavy chaip of IgE; sFcrRla, soluble fragment of
FcrRI a chain.
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Ar = exp[ln(A0) + (wo2/2RT)M(l - vp)(r2 -)],

where A, is the absorbance at a reference point ro, Ar is the
absorbance as a function of the radius r in cm, X is speed of
rotation in radians/sec, M is the molecular weight of the
protein, R is the gas constant, T is the absolute temperature,
vi is the partial molar volume of the protein in cm3 g-1, and p
is the density of the solution in g ml-1. The values of M(1 -
vp), obtained from at least two separate protein samples run
at various speeds, were averaged to yield the experimental
values of M(1 - vp). In all cases, the residuals, obtained by
subtracting the calculated best fit from the experimental data,
had a random distribution around 0 (± <0.020) as a function
of the radius. The density of the solution was measured at
20.00°C (Anton Paar DMA58 densitometer) and corrected to
4.0°C with standard tables.

Sedimentation Velocity Measurements. Sedimentation ve-
locity experiments were performed at 20.0°C on the Beckman
Optima XL-A ultracentrifuge using an An6OTi rotor at 40,000
rpm (IgE-Fc and complex), 45,000 rpm (IgE-Fc), and 50,000
rpm (sFcsR1a) with double sector cells. In all cases, data for
two protein concentrations (A280, 0.30-0.85) were simulta-
neously collected at 280 nm and at shorter wavelength (ab-
sorbance of 1.0). Scans were recorded every 10 min for 3 h and
analyzed with the program XLAVEL (Beckman) to yield an
uncorrected sedimentation coefficient, s. Each measurement
was performed at least twice. The density of water at 20.00°C
and the viscosities of water and PBS were obtained from the
literature. S was corrected to s20,w
Hydrodynamic Modeling of IgE-Fc, sFccRIcR, and the Com-

plex. Sedimentation coefficients (s2o0w) were computed on the
basis of models of the structure of the IgE-Fc (16, 17) and on
a model of sFcsRIa based on the crystal structure of CD2 (18).
Other models of sFcsRla have been reported (e.g., see ref. 19)
but would not be expected to yield significantly different
sedimentation coefficients, as the methods used here are
sensitive only to gross conformation. The possibility that
IgE-Fc could exhibit bending within the C£2-CE3 linker
region was investigated by generating a series of models with
successive rotations and translations of (Cs2)2 relative to
(Cs3)2. The domains were rotated about an axis through the
two Asp-330 C, atoms and translated toward the CE3 domains.

Carbohydrate chains were modeled on those found in the
human Fc crystal structure (20). These were attached to the
putative carbohydrate sites on the proteins by using Insight II
molecular graphics software (Biosym Technologies, San Diego).
To generate the hydrodynamic models, the molecular mod-

els were approximated by an ensemble of spheres using a
program in which the model was placed in a three-dimensional
grid of cubes (21). The cubes were included as the building
blocks of the hydrodynamic model if they contained an a-car-
bon atom or a Cl carbohydrate atom. The dimensions of the
cubes were optimized so that the total volume of the cubes
equaled that of the dry volume of the protein molecule
calculated from the composition (95.5 and 40.5 nm3 for IgE-Fc
and sFcsRIa, respectively). The volumes were then increased
to allow for a hydration shell, assumed to comprise 0.3 g of
water per g of glycoprotein and an electrostricted volume of
0.0245 nm3 per bound water molecule (14, 21). The resulting
models were assigned coordinates to produce the final hydro-
dynamic models, consisting of nonoverlapping spheres placed
at the center of each cube, which now had sides of 0.694 nm.
Hydrodynamic calculations were performed by the modified
Oseen tensor procedure using the program GENDIA (22, 23)
with up to 407 spheres.

RESULTS

Characterization of IgE-Fc and sFcERIa. The purity of the
preparations of the recombinant IgE-Fc and sFcsRIa frag-

ments was assessed by PAGE in SDS before and after treat-
ment with N-glycanase under denaturing conditions to remove
all N-linked carbohydrate (Fig. 1). The IgE-Fc preparation
migrated as a single component with an apparent molecular
weight of 75,000. The sFceRla migrated as a single broad
zone, spanning an apparent molecular weight range of 38,000-
56,000. After deglycosylation, the apparent molecular weight
(Mr) of the IgE-Fc was reduced to 72,500 (cf. Mr 72,000
calculated from the amino acid composition), while the deg-
lycosylated sFcsRIa was reduced to 20,000 (calculated Mr,
21,000).

Stoichiometry of the Complex. Titrations were carried out to
determine the stoichiometry of the interaction between the
IgE-Fc and sFcsRla. Fig. 2 shows a continuous variation
titration, in which the total molar protein concentration was
kept constant and the proportions of the two components were
varied. The IgE-Fc/sFcsRIa complex was separated from the
free ligands by gel filtration (Fig. 2A). The dissociation rate of
this complex is negligible compared to the elution time.
Equivalence is reached at a mole ratio of 1:1 (Fig. 2B). These
experiments also showed total binding of either component in
the presence of an excess of the other, indicating that both
preparations were fully folded and active.

Molecular Weight Determinations. To confirm that the
complex contains equimolar proportions of the two constitu-
ents and determine whether it is made up of one polypeptide
chain of each or a higher multiple, molecular weight determi-
nation by sedimentation equilibrium was undertaken.
The sedimentation equilibrium distributions (Fig. 3A and

B) for the two separate components show that they are
monodisperse within the experimental precision of the
method. From these results, we obtain the reduced or
buoyant molecular weight M(1 - vip). The value of vi was
calculated from the amino acid and carbohydrate composi-
tion (14), assuming that the carbohydrate chains are of the
complex biantennary type, with a core composition of
Gal2Man3GlcNAc4 (20, 24).
The main uncertainties are the occupancy of the glycosyla-

tion sites and the amount, if any, of sialic acid in sFcsRIa. The
amino acid sequence reveals a maximum of seven glycosylation
sites in sFcsRla. Using the relationship between the reduced
molecular weight of sFcsRIa and that of the sum of its protein
(p) and carbohydrate (c) constituents,

(1]

we can examine the effect of varying vc within the possible
limits of carbohydrate composition on the value of Me-that is
to say, the occupancy of the available glycosylation sites. With
zero, one, and two sialic acid residues per carbohydrate chain,
VC is 0.644, 0.649, and 0.653 cm3-g-1, respectively. The corre-
sponding values of Mc given by Eq. 1 are then 13,700, 13,900,
and 14,100, and Mp = 21,000. Thus, we can define the
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FIG. 1. Gel electrophoresis of IgE-Fc, sFceRla, and their com-
plex. Lanes: 1, deglycosylated sFcsRIa; 2, sFcsRIa; 3, deglycosylated
IgE-Fc; 4, IgE-Fc; 5, complex between the IgE-Fc and sFcsRI
(dissociated into the two ligands); M, molecular weight markers (x
10-3).
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FiG. 2. Stoichiometry of the complex between IgE-Fc and
sFceRIa. (A) HPLC profiles at selected molar ratios; arrow denotes
the expected position of the complex. (B) Relative abundance of
complex as a function of the molar ratio of IgE-Fc/sFcsRIla. Straight
lines represent the best linear fit for data between 0-50% and
50-100% mol fraction of sFcsRla.

molecular weight of sFcsRIa within the above limits as 34,400
+ 1400. If Mc is 13,900 ± 1400 and the molecular weights of
the individual carbohydrate chains are 1600, 1900, 2200 (core
carbohydrate with zero, one, or two sialic acid residues), it
seems that to a good approximation all seven of the putative
glycosylation sites are occupied with an average sialic acid
content of about one residue per chain. The carbohydrate
content for the a-chain fragment is therefore 40%, in good
agreement with the value of 32% determined for the whole a

chain isolated from rat basophilic leukemia cells (25).
The molecular weight determination for the IgE-Fc is

straightforward, since both glycosylation sites are occupied
and there appears to be little sialic acid (13). Substituting the
calculated values of Mp = 72,000, vp = 0.730 g-cm3, Mc =

3200, and vic = 0.644 g-cm-3 into Eq. 1, the experimental value
of M(1 - vp) = 199700 + 800 delivers a molecular weight of
73,600 + 2800.
We now consider the sedimentation equilibrium of the

complex (Fig. 3C). This is again monodisperse within exper-
imental precision. We note first that the derived composition
of the complex does not depend on the accuracy with which the
partial specific volumes are known-that is to say, on the
carbohydrate content of the constituents-because the buoy-
ant molecular weight, determined from the sedimentation
equilibrium distribution, is the sum of the buoyant molecular
weights of the constituent glycoproteins. The buoyant molec-
ular weights of the IgE-Fc and sFcERIa are 19,700 and 10,200,
respectively, and that of the complex is 29,400. Thus, the

complex contains one subunit of each kind. From the inferred
carbohydrate contents of the separate components and the
corresponding partial specific volumes, we now obtain a partial
specific volume of 0.718 cm3 g-1 for the complex, correspond-
ing to a molecular weight of 106,400 + 2700.
Hydrodynamic Modeling of IgE-Fc, sFceRlaI, and Their

Complex. Sedimentation coefficients (soo,,) were determined
for the three species (Table 1) and compared to those calcu-
lated from models. The more recent model of Helm et al. (17)
for the IgE-Fc embodies changes in the Cs2 domain that are
below the level of resolution of the hydrodynamic technique
but also has an extended region between CE2 and Cs3. This
results in a calculated sedimentation coefficient of 4.38 S,
which agrees less well with our experimental data than does the
model of Padlan and Davies (16) with its more compact
arrangement of Cs2 relative to CE3.

It has been suggested that IgE may be bent (26, 27), and this
distortion could occur, at least in part, within the CE2-CE3
linker. The consequences of this were investigated by using the
extended model. Rotation of CE2 relative to CE3 by between
600 and 1200 was found to lead to a calculated sedimentation
coefficient compatible with the observed experimental value,
and the acceptable range of rotation angles increased as Cs2
was translated toward C03. However, imposition of the addi-
tional constraint of the observed radius of gyration from x-ray
scattering, RG = 3.52 ± 0.14 nm (A.J.B. and S.J.P., unpub-
lished results), excludes all models except those with a rotation
of 900 ± 100 and a translation of 0.6 ± 0.2 nm (RG = 3.58 nm).
The original compact model of Padlan and Davies was,
however, equally compatible with the data (RG = 3.68 nm),
and for this reason both models of the IgE-Fc were considered
in modeling of the complex. The models chosen for the IgE-Fc
and sFcsRIa led to calculated values of 4.66 S for the compact
model (16) and 4.55 S for the bent model (based on ref. 17),
of the IgE-Fc and 2.74 S for sFcERIa (1), each with a precision
of ±0.1 S (refs. 26-28; see Table 1).
A number of possible models for the complex can now be

envisaged (Fig. 4). These include the cases in which the
constituents associate at their ends, with their long axes
parallel (Fig. 4 a and b) or orthogonal (Fig. 4 c-f). Models in
which the contacts were made at the Cs2, C£3, or Ce4 domains
in IgE-Fc, to generate extended structures with no domain
overlap, gave calculated sedimentation coefficients of 5.06-
5.35 S for the planar compact model and 4.67-5.50 S for the
bent model. A second set of models, in which either one or no
domain of sFcsRla extended beyond the IgE-Fc domains,
gave values of 5.62-5.84 S (Fig. 4 g-j) in both cases. The
difference between calculated and experimental values deter-
mined from Oseen tensors is not expected to exceed ±+0.26 S
(21). By this criterion we can exclude all such models as
exemplified by Fig. 4 a-f, except e andf in the case of the bent
model. Those shown in Fig. 4 g-j are compatible with the
experimental values.

DISCUSSION
The aim of this study was to determine the composition and the
gross shape of the complex between the IgE-Fc and the a
chain of FcsRI in solution. IgE is the natural ligand for FcsRI,
but the IgE-Fc binds with about the same affinity to this
receptor (13) and it was preferred to whole IgE for hydrody-
namic studies because of its smaller size and thus greater
confidence in modeling a 6-domain rather than a 14-domain
structure. sFcsRIa represents the whole extracellular region
of the a chain but, unlike the intact a chain, is soluble in the
absence of detergents. Our results demonstrate that the
IgE-Fc and sFcsRIa form a 1:1 complex.

Antibodies consist of two identical heavy and light chains,
and in the Fc region of IgG the two heavy chains form a
structure with a twofold axis of symmetry; thus, each structural

Immunology: Keown et aL
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FIG. 3. Sedimentation equilibrium data for the IgE-Fc, sFcERIa, and the complex, shown as a distribution of A280 at equilibrium. Data were

collected at 4°C and 11,000 rpm for IgE-Fc (A), 20,000 rpm for sFcsRIa (B), and 12,000 rpm for the complex (C). Data are analyzed for the best
single component (M - vp) fit, shown as a line through the experimental points. Corresponding distributions of the residuals are shown above each
plot.

element of one heavy chain in the Fc is related to an identical
element on the other chain by a rotation of 1800 about its
longitudinal axis (20). The binding of the neonatal IgG-Fc
receptor, FcyRn (29), and of proteinA (20) to IgG exemplifies
the formation of complexes with a stoichiometry of 2:1. The
IgE-Fc contains one more domain pair (Ce2) than the IgG-Fc.
If its structure has similar symmetry, and given that each
receptor can bind only one antibody molecule (ref. 30 and
results herein), we need to explain why a 2:1 sFcsRIa/IgE-Fc
complex is not formed.

Early studies by Kanellopoulos et al. (25) revealed that IgE
is engaged by only one molecule of FceRI on the membrane
surface. From a functional standpoint this result is unsurpris-
ing: the proper functioning of the cellular immune system
precludes cross-linking of two cell surface receptors by an

antibody, for then the cell could be activated in the absence of
antigen. There should therefore be only one binding site in IgE
to meet the demands of cell signaling. This consideration does
not apply to the binding of FcyRn or protein A to IgG.
The simplest explanation is that there are in fact two

equivalent sites on opposite sides of the antibody, but only one
can be occupied by cell-bound receptor because the other faces
away from the cell membrane or is in some way occluded by
its proximity to the membrane. In this case, the stoichiometry
at the cell surface would be 1:1, but that of receptor binding
to IgE in solution would be 2:1. This prediction is not borne out
by recent studies of complex formation between sFcsRIa and
whole IgE. According to Ra et al. (31), the ratio is <1:1, while
according to Robertson it is 1:1 (11). Our results confirm the
latter conclusion and exclude the possibility that there might
be multiple copies of both ligands in the complex. The smaller
size of the IgE-Fc, compared to IgE, places greater constraints
on possible models of a 1:1 complex.
Three possible explanations for the observed 1:1 stoichio-

metry may be envisaged: (i) IgE in solution is not planar but
bent, so that the N-terminal ends of the Fab regions are much

closer to the C-terminal end of the Fc than they would be in
a flat structure (refs. 26 and 27; A.J.B. and S.J.P., unpublished
results). In the absence of more detailed structural informa-
tion, this distortion is generally represented as being evenly
distributed between all the linker regions separating the
immunoglobulin domains (1, 26, 27). A binding site on the
convex surface of the IgE, say on CE3, might then be accessible
to the receptor, while the Fab arms, together with (Cs2)2 and
(Ce4)2 may sterically hinder binding to the concave surface.
The IgE-Fc could retain this bent structure (as considered
above). However, we have made a disulfide-bridged dimer of
a subfragment of the IgE-Fc, consisting of only the Cs3 and
Cs4 domains, which should thus resemble the planar IgG-Fc
fragment and find that this species also forms a 1:1 complex
with sFceRIa (M.B.K. and R.G., unpublished results). Thus,
bending cannot be the only aspect of the structure of the
IgE-FcsRI complex to determine the stoichiometry.

(ii) Binding of the receptor may cause a conformational
change in IgE that precludes the binding of a second receptor
molecule. The Ce3 domains are expected to be remote from
each other (as are Cy2 domains in IgG-Fc), and it is unlikely
that such a conformational change could be transmitted
through the N-linked oligosaccharide chains that lie between
them. However, the two s chains do come close together in the
region that links Cs3 to Cs2, owing to the interchain disulfide
bond between the two Cys-328 residues near the border
between Cs2 and Cs3 (the codon for Asp-330 is divided
between the exons for Cs2 and Cs3), and such a region might
be more susceptible to deformation upon binding to receptor.

(iii) Occupancy of one receptor binding site may prevent
binding to the second site. This could occur if the receptor
apposes or binds to IgE in any part of the structure where the
two s chains are in close proximity. All the available evidence
maps the FcsRI binding site to the Cs3 domain(s), (refs. 7-9;
reviewed in refs. 1 and 10), which are well separated from each
other except in the Cs2/Cs3 linker region (17). If FcsRIa

Table 1. Sedimentation equilibrium and velocity data

Sample M(1 - vip), g.mol-'* M, gmol-1t vi cm3g-if Calculated Mt so

IgE-Fc 19,700 ± 800 (16) 73,600 + 2800 0.727 75,274 4.7 + 0.1 (7)
sFcsRIa 10,200 ± 400 (12) 34,400 + 1400 0.698 33,782 2.8 ± 0.1 (8)
Complex 29,400 + 800 (10) 106,400 + 2700 0.718 109,056 5.7 + 0.05 (8)
*Experimentally determined mean value based on n measurements (n is shown in parentheses) together with SD.
tMeasured values of molecular weight based on the calculated partial specific volume, vi.
tCalculated value based on the known amino acid composition and full occupancy of the glycosylation sites.
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FIG. 4. Models of the IgE-Fc/sFcsRIa complex. Models of the
IgE-Fc and sFcsRla have been juxtaposed in a variety of ways and a
selection of schematic models (IgE-Fc, open; FceRIa, hatched) are
shown. (a-d) End to end. (e and f) T-shaped models. (g and h)
Receptor bound at the side of the IgE-Fc. (i) Long axes of the IgE-Fc
and sFcsRIa parallel or antiparallel. (j) Long axes of the two ligands
perpendicular. Models fall into three groups: extended models (a-f),
compact models that have sFcsRla bound to the sides (g and h), and
those that have sFceRIa bound on the planar surface (i andj). Arrows
(a-f) indicate the range of positions of sFceRla relative to IgE-Fc that
were considered. Boxes (gsj) define the limits on the position of
sFcERIa relative to IgE-Fc for which the calculated so , values are
compatible with the experimental value-i.e., within +0.3 S (com-
bined experimental and computational errors) of sO,, = 5.7 S.
Numbers are sedimentation coefficients calculated for the specific
models shown; numbers in parentheses correspond to the model with
a bent IgE-Fc.

comes close to Cs3 in this region, there may be room for only
one molecule to bind.
The hydrodynamic evidence limits the range of possible

models for the complex of IgE-Fc and sFcsRIa to those in
which the domains of the IgE-Fc overlap with those of the
sFceRla (Fig. 4 g-j), although two T-shaped models (Fig. 4 e
and f) cannot be excluded on these grounds alone in the case
of a bent model of the IgE-Fc. Bent forms can be excluded,
however, if one accepts that the binding site is in CE3. The two
models in which the receptor is in contact only with the sides
of the IgE-Fc (Fig. 4 g and h) are unlikely on the basis of the
1:1 stoichiometry of the complex. The most acceptable models
on the evidence at present available to us, therefore, comprise
the family in which the long axis of sFcsRIa is either parallel
(Fig. 4i) or perpendicular (Fig. 4j) to the long axis of the
IgE-Fc on the front face of IgE or in any intermediate
orientation between these extremes.
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