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ABSTRACT. Aggregation of FeRlI, the high-affinity cell-surface receptor for IgE antibody, is required for
degranulation of basophils and mast cells, but not all receptor aggregates elicit this cellular response. The
stereochemical constraints on clusters otMicthat are able to signal cellular responses, such as
degranulation, have yet to be fully defined. To improve our understanding of the propertiesRif Fc
aggregates that influence receptor signaling, we have studied the interaction of 23G3, ayratjilgG
specific monoclonal antibody, with IgE-ceRI complexes on rat mucosal-type mast cells (RBL-2H3
line). We find that 23G3 is a potent secretagogue. This property and the structural features of 23G3 (two
symmetrically arrayed IgE-specific binding sites) make 23G3 a potentially valuable reagent for investigating
the relationship between &Rl clustering and FaRI-mediated signaling events. To develop a mathematical
model of 23G3-induced aggregation ofdRt, we used fluorimetry and flow cytometry to quantitatively
monitor equilibrium binding of FITC-labeled 23G3 intact Ab and its Fishgment to cell-surface IgE.

The results indicate that IgE bound todRt expresses two epitopes for 23G3 binding; that 23G3 binds

IgE resident on the cell surface with negative cooperativity; and that 23G3 appears to induce mostly but
not exclusively noncyclic dimeric aggregates otERt There is no simple relationship between receptor
aggregation at equilibrium and the degranulation response. Further studies are needed to establish how
23G3-induced aggregation of IgEceRI correlates with cellular responses.

Mast cells trigger allergic reactions when IgE bound to aggregation. Reagents that have been considered and have
FceRlI, the high-affinity cell-surface receptor for IgE, interacts structural features that facilitate the characterization of
with a multivalent antigen. Clustering of &l plays an receptor aggregation, include chemically cross-linked oli-
important role in this processl). Receptor aggregation gomers of IgE 8, 9), chemically synthesized divalent haptens
initiates a cascade of intracellular-signaling evers3j, and antigens with two hapten grougd{-13), and mono-
which lead to secretion of granule-stored mediators of clonal IgE- (L4, 15) and FeRI- (16) specific antibodies.
inflammation, such as histamine, and the de novo synthesis . . .

Chemically cross-linked oligomers of IgE have been used

and secretion of other mediators of allergic reactions. . .
Althouah the i " " tion i ianali extensively to study FdRl (17—20). These oligomers are
ough the importance of aggregation ikt signaling simple ligands in that the binding of IgE to &Rl is

is well-known, the properties of ERI aggregates that )

influence signaling have yet to be fully defined).(Con- monovalent. Thus, thg number of receptors in aggregates
siderable effort has been made to correlate properties ofinduced by an IgE oligomer can be no greater than the
FceRI aggregates with cellular responses, such as recepto?umber of IgE molecules in the oligomer, e.g., two for the
phosphory'ation and degranu'atiop‘_-(?)_ An important case Of IgE dlmerS. Although 0|Igomel’S Of IgE are Useful
element in these studies is the reagent used to indudelFc  tools, they have limitationsgj. The kinetics of IgE binding

to F&RI (21) are atypical for antigenantibody interactions,

" This work was supported by a Senior International Fellowship and compared to the time scale of early intracellular signaling

award to R.G.P. from the Fogarty Center (FO6TW002308), Grants indi i i
AI35977 and AI28433 from the National Institutes of Health, the .events,.bllgE bmdlr?g to IIFEIQI Is slow andl. e.ff%Cté)vely
Department of Energy, through contract W-7405-ENG-36, and a grant Irf€versible @0). Thus, cellular responses elicited by IgE

to I.P. from the Israel National Science Foundation. oligomers may differ, perhaps fundamentally, from responses
*To whom correspondence should be addressed: Department of gici ntiaens. Another draw kis th hemical cr

Biology, Northern Arizona Univeristy, Flagstaff, AZ 86011-5640. ﬁnﬁitned b%IIaEtgent;Sb diOt Ie \C/ierll E?C ié ate er Callt CI OES

Phone: 928-523-4209. Fax: 928-523-7500. E-mail: richard.posner@nau.edu g ot [gE antibodies Is variable, and as a resuit, 19

¥ Northern Arizona University. oligomers are structurally heterogeneous, which makes these
; ?ﬁglwe?z%vaer:ﬁltl)/r‘l.stitute of Science ligands unsuitable for investigating the stereochemical/
O Virginia Commonwealth University. orientational requirements of signaling-competent receptor
#Los Alamos National Laboratory. aggregates.

10.1021/bi0496860 CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/12/2004



FceRI Clustering and Signaling Induced by Anti-IgE Antibody Biochemistry, Vol. 43, No. 35, 200411353

Symmetric divalent haptens and antigens with two epitopes binding reactions of 23G3 with IgEFceRI, which can then
(i.e., bivalent ligands) also have been used extensively tobe used to relate binding to downstream signaling events.
study FeRI. A bivalent ligand is the simplest type of ligand As a first step in this direction, we have assayed the
capable of aggregating IgB-ceRI complexes. The interac-  equilibrium binding of intact 23G3 Ab and its Fadbagment
tion of a bivalent ligand with the two antigen-combining sites to cell-surface IgE. The results of these binding studies are
of IgE can result in a spectrum of IgEFceRI aggregates.  well-characterized by a simple mathematical model, which
This spectrum can include receptor chains and rings of we use to predict the equilibrium distribution of receptor
various sizesq2) but not aggregates with more complicated aggregates over a range of ligand doses. There is no simple
structures (see below). A major goal of studies involving correlation between receptor aggregation and degranulation.
bivalent ligands has been to determine or predict the types
of receptor aggregates and the number of receptors in eachtMATERIALS AND METHODS

type of aggregate on the cell surface, so that these quantities Antipodies and Cross-Linking Reagentbie mouse mon-
then can be compared and correlated with cellular responseg).jonal IgE antibody specific for 2,4-dinitrophenyl (DNP)
(12, 22-29). ) i ) was isolated from hybridoma H1 26.834) by affinity
_ However, this goal has proven elusive, because the bivalenty yrification @5). The IgE was then subjected to gel filtration
ligands studied to date are either nonstimulatory or induce g, 5 Sephacryl 300 column, and the monomeric fraction was
rather weak cellular responses. A variety of evidence suggests.g|jected. The rat monoclonal IgE-specific antibody 23G3,
that these ligands are poor initiators of cellular signaling i, forms labeled and unlabeled with FITC. and the FITC-
because they aggregate receptors pr_edominantly in the formgpeled Fab fragment of 23G3 were purchased from
of stable cyclic dimers1, 29). Cyclic dimers, inwhichboth  g4ythern Biotechnology Associates (Birmingham, AL).
binding sites of each of the two ligands bind two gEceRI pyification of these reagents included gel filtration on a
complexes to form a closed ring, prevent receptor chain gsephacryl 300 column to remove any aggregates and
elongation, limiting the size of ligand-induced aggregates. fragments, and the purity of the reagents was verified using
They may also prevent signaling events from occurring for gps-pAGE and Elisa. Intact 23G3 was also isolated as
stereochemical reasons and/or promote inhibitory siga8)s ( previously described3@) and used to prepare (Fjb
30). ) ) ) _ ... fragments 86), which were then labeled with FITCLQ).

The appeal of bivalent ligands is the relative simplicity BSaA coupled to DNP, DNR—BSA, was prepared as
of the IgE-FceRI aggregates they are capable of inducing. gescribed previouslyap).
Bivalent ligands induce only chains and rings of receptors  cg|is. RBL-2H3 cells @8) were grown adherent in 75-
(22). As aresult, the binding of a bivalent ligand is easier to .y flasks. Cultures were maintained at 2 and 5% CQ
characterize than the binding of a multivalent ligand, such gnq used 46 days after passage. The culture medium
as a densely haptenated protein. A ligand with more than ¢onsisted of MEM 1X with Earle’s salts without glutamine
two epitopes that interacts with surface IgE can induce not (GIBCO BRL), 20% fetal bovine serum (HyClone, Logan,
only chain- and ring-like structures but also tree- and 1) 194 v/v 200 mML-glutamine, 1% v/v penicillin, and
network-like structures that are difficult to treat in math- 194 vy streptomycin. Cells were sensitized by incubating
ematical models of receptor aggregati®a,(32) orto study it excess IgE (4ug/mL) at 37°C for 2 h.
experimentally. . . _ Degranulation AssaysThe secretion response of RBL

This property of divalent haptens and antigens with tWo ¢e|is was monitored by measuring the activity of the granule-
epitopes, the ability to induce simple aggregates, is sharedstored enzymg-hexosaminidase secreted into the superna-
by antibodies with two antigen-combining sites (e.g., 19G  tant 39). To allow time for ligane-receptor binding to reach
class antibodies) that are specific for either 1g&, (15) or equilibrium before induction of a secretory response, IgE-
FeeRI (16). Such antibodies, if they stimulate cellular pearing RBL cells (19 cells/imL) were exposed to the
responses, can serve as valuable tools for defining thejngicated concentration of 23G3rfa h at 4°C, a temperature
stereochemical properties of éRi aggregates that induce ¢ which degranulation does not occur. The temperature was
signal transduction. Stimulatory IgE-specific antibodies, in  then raised to 37C. After incubation for an additional hour,
particular, are valuable, because the number of cell-surfacegg|is were centrifuged and 2& samples of supernatant were
receptors (i.e., the number of IgE antibodies bound & transferred to a microwell test plate and incubated for 60
can, in principle, be manipulated in experiments involving min at 37°C with 62.5uL of substrate solution (1.3 mgl.
the same cell line, and receptor number is an important , itrophenylN-acetyl-p-glucosamine in 0.1 M citrate at
parameter that influences ligand-induced aggregation. Inpiy 4 5) The reaction catalyzed I#thexosaminidase was
contrast, with FeRI-specific antibodies, receptor number is - siopped and developed by addition of 150 mL of 0.2 M
determined by cell type. _ glycine solution at pH 10.7. The color formed as a result of

Here, we evaluate the potential of 23G33), an IgE-  hydrolysis of the substrate, and productiorpafitropheno-
specific rat monoclonal 1g& antibody, for use in studies of  |ate was measured at 405 nm. To assess the total amount of
FceRI signaling. We find that this antibody and its (Fab cellulars-hexosaminidase, cells of equal number were lysed
fragment stimulate significant degranulation of rat mucosal- \yith 0.1% Triton X-100 and an aliquot of this lysate was
type mast cells of the RBL-2H3 line. Thus, 23G3 can be assayed at the same time as supernatant samples. The extent
used to investigate the properties of IgEceRI aggregates o secretion is expressed as a percentage of the total
that influence signaling by FERI. Because of the structural
features of 23G3 (e.g., two symmetrically arrayed IgE- ~— o " .

e . . . Abbreviations: DCT e-[(2,4-dinitrophenyl)amino]caproyl]-ty-

specific binding sites), it should be possible to develop a rosyl: (DCT)-cys, N,N-bis[DCT]-L-cystine: DNP, 2,4-dinitrophenol;
detailed, quantitative, and predictive characterization of the RBL, rat basophilic leukemia.
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B-hexosaminidase activity present after subtracting the activ- experiments with 100% functional FIFagE and FITC-
ity in the supernatants of unstimulated cells. Fab. Thus, this method of determining the stoichiometry of
Other experiments were carried out to determine whether 23G3 Fabbinding to IgE-FceRI entails some uncertainty.
the protocol for adding ligand affects the secretory response, \athematical Model for 23G3 Fabbinding to Cell-
which would be expected if secretion depends on the transientsrface IgEScatchard plots for 23G3 Fatinding to surface
approach to the equilibrium for ligardeceptor binding or  |5E were found to be nonlinear (Figure 2b); therefore, in
if sign_aling evc_ants occur to some extent at@. In these modeling the interaction of 23G3 Falwith IgE—FceRl
experiments, ligand was added not af@ but at room  complexes, we decided to allow for the possibility that

temperature. The temperature was then imm'ediately raisedbinding is cooperative. Thus, we consider the following
to 37 °C. After incubation for 1 h, the secretion response gqjjjibrium equations:

was assayed as described above. The different protocols for
adding ligand yielded indistinguishable desesponse curves; R, = 2KFR, and R,=HKFR (1)
the data, not shown, were collected on the same day. ! 2 1
Binding AssayslgE-bearing cells (19 cells/mL) were : . i : .
incubate?j at 37°yC 8vith FITCQ-]IabeIed( 23G3 intagt Ab or whereF is th? concentration of '.:ahn solution, Ry is _the
Fab fragment in a suspension of freshly filtered (022 surface density of unbound IgR; is the sur_face density of
filters) buffered salt solution (BSS): 135 mM NacCl, 5 mM IgE Qttached to one Falunolecu'le, andR, is the surfgge
KCI, 1 mM MgCl,, 1.8 mM CaC}, 5.6 mM glucose, 0.1% dgnsﬂy of IgE attached tq two Fatmol_epules. The GQU!|Ib-
gelatin, and 20 mM Hepes (pH 7.8). Cell suspensions in BSS rium constanK characterizes the affinity of thpr a site
were supplemented with 10 mM sodium azide and 10 mM on unboqnd surface IgE, .and the. cooperativity _fad{-br
2-deoxyp-glucose (Sigma, St. Louis, MO) to inhibit receptor char.acterIZ(_as t.he change in Falffinity for glfree site on
trafficking. After incubation for at least 1 h, a Becton IgE if one site is already bound. Cooperativity may arise if
Dickinson FACScan flow cytometer, controlled with Cell a Fab bound at one site sterically interferes with binding to
Quest software, was used to collect histograms of FITC the second site on IgE or if Fabinding to IgE induces a
fluorescence (520 nm), and the mean fluorescence, FL1, wa<onformational change_ that affects fu_rther blndln_g: In_ the
recorded. To correct for nonspecific binding, a control &PSence of cooperativith = 1. Negative coopertivity is
experiment was performed with cells that lack surface IgE. indicated byH < 1, and positive cooperativity is indicated
The difference between FL1 and the mean fluorescence of?Y H > 1.
the control is reported as the fluorescence because of specific The equilibrium relations of eq 1 are coupled with the
binding, AFL1. following conservation equations, which apply because
Binding assays were also performed in the absence ofexperiments are performed under conditions that inhibit
2-deoxyp-glucose and sodium azide. Consistent with an receptor trafficking:
inability of 23G3 Fabto aggregate IgEFceRI and trigger
cell signaling, assays with and without these reagents were F;=F+ C(R, +2R,) and R;=R,+ R, + R, (2)
indistinguishable for Fdthinding. However, because of the

stimulatory capacity of intact 23G3 antibody, which presum- \yhere F; is the total concentration of Falnd Ry is the
ably induces receptor internalization, assays differed for intact qt5| syrface density of IgE. The constadis a factor that
antibody binding to cell-surface IgE (the data, not shown, ¢onverts surface densities to concentrations; it is the cell

are quite noisy). o concentration if surface densities are expressed in units of
Stoichiometry of 23G3 FalBinding to Cell-Surface IgE number per cell.

FceRl Complexes.To determine the number of 23G3-
epitopes on cell-surface IgE, equimolar samples of FITC-
labeled IgE and 23G3 Falvere prepared, and the fluorescence )
of each sample was measured with a Spex Fluoromax 1=+ (CR/F,) 2KF; f+ 2H(KF f)
fluorimeter. The fluorescence of FIFGgE relative to that o T’l + 2KF, f + H(KF f)z
T T
of FITC—Fab, X, was recorded. Also, cells were saturated
with either FITC-IgE or unlabeled IgE and incubated with
excess FITEGFad for 1 h at 4 °C. The mean FITC . . .
fluorescence of the two cell populations was then determined'S defme.d.as the fraction of free Fals/Fr. When values
by flow cytometry. The mean fluorescence of cells bearing are spe_cmed foFr, C Rr, H, andK, the \_/alue_ off can _be
FITC—Fal relative to that of cells bearing FITEQE, Y, determined by soIV|.n'g eq 3 (e.g., by b!sect|on). th(;e
was recorded. The quanti¢/Y indicates the number of known, other quantities can be determined by using eqs 1
23G3-binding sites per IgEFeRI complex provided that ~ 2nd 2.
the fluorimetric measurements that determ¥eeflect the Mathematical Model for Intact 23G3 Binding to Cell-
fluoresence intensities of the functional fractions of the Surface IgE.To characterize 23G3 binding to surface IgE,
labeled reagents; i.e., the fraction of FIF@E able to bind we use the model of Wofsy and Goldste#0) for coopera-
FceRI, and the fraction of FITEFal able to bind IgE- tive binding of a bivalent ligand to a bivalent cell-surface
FceRI. If a significant amount of IgE or 23G3 Falis receptor. Because we observed that degranulation responses
nonfunctional, which seems unlikely, and in addition the to intact Ab and (Fal), are similar (Figure 1) and because
functional and nonfunctional fractions are differentially 1gG interactions with Fg receptors are low affinity41),
labeled by FITC, then the rat¥ could be either smaller or ~ we do not include these interactions in our model. If 23G3
larger than the desired ratio that would be obtained in binds surface IgE without intramolecular rearrangement

To calculate equilibrium quantities, we use

3)

which is obtained by combining eqs 1 and 2. The varidble
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Ficure 1: Degranulation of IgE-bearing RBL cells as a function
of concentration of 23G3 (Fgh fragment @) or intact Ab @).

The activity of releasefi-hexosamidase is expressed as a fraction
of the maximal total release that occurs upon solubilizing the cells

with detergent. Each point represents the mean from six experi-

ments, and a bar represents the standard error.

reactions (i.e., without forming ring-like aggregate struc-
tures), then the following equations apply at equilibrium:

w
1=QA—npwW+nyp——m— (4)
7 "(1 — ow)?
and
__ CR dica w A
1—a+x[1+(ﬂ?‘ 1wt O e
)
wherew = WIRr, a = A/AT, «k = HKAT, kx = KR, E=1

+ 2ca, n = BE¥[E? — (1 — H)], andd = (yH)4«wa/E? Wis

the surface density of unaggregated +gEe<RI, Ry is the
total surface density of IgEFceRI, A is the concentration

of free 23G3 Ab, and\r is the total 23G3 Ab concentration.
The paramete€ is a factor that converts surface densities
to concentrations. The equilibrium const&hts the micro-
scopic single-site affinity of a 23G3 antigen-combining site
for a free 23G3-epitope on surface IgE, the equilibrium cross-
linking constani is the microscopic single-site affinity of
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FiGUure 2: Flow cytometric measurement of the binding of FITC-
labeled 23G3 Faho cell-surface IgE. (a) Theoretical binding curve

is derived from eqgs 13 and our best-fit parameter estimates for
the case without rings (Table 1). Fluorescence data are scaled by
AFL1nya Which is determined from the highest observed fluores-
cence and our estimate & (b) Scatchard plot. This plot is derived
through transformation of the data presented in the panel above:
Xp = Ya @andyp, = Yd/(Xa — Ya), Wherexa, andyap, represent the
coordinates in a or b as indicated by the subscript. Note that this
transformation is based on a total concentration of 23G3 eptiopes,
CS;, of 1 nM (Table 1).

example, in the absence of rings, the fraction of receptors in
aggregates of receptorsf;, is given by

f.=ino' "W (6)

a membrane-anchored 23G3 antigen-combining site for a freefor | = 2. Note that 1— wis the total fraction of receptors

site on surface IgE, and the const&hts the cooperativity
factor by whichK is multiplied when one of the two sites
on surface IgE is bound.

To consider rings, we must include additional terms in
egs 4 and 540). These terms introduce dimensionless ring-
closure constants], for n =1, ...,c. EachJ, characterizes
the propensity of a linear chain af 23G3-aggregated
molecules of IgE-FceRI to close through binding of a free

in aggregates of all sizes.

Estimation of Parameter Value3he values ofAr, Fr,
andC are set by the concentrations of intact Ab, Famnd
cells used in experiments. The value Rf is set by the
number of FeRI per RBL cell &3 x 1(P) (42). We estimate
the values oH, K, Ky, andJ; (when we do not sel, = 0)
by using nonlinear least-squares fittingg). In each fitting
procedure, two sets of data (cf. Figures 2 and 3) are used

23G3 antigen-combining site at one end of the chain to a simultaneously. Each set consists of measuremeni$-bi.
free epitope on IgE at the other end of the chain. We assumefrom a series of experiments in which different concentrations

J; = 0, because it seems unlikely that both arms of a 23G3

of FITC-labeled intact 23G3 or Fabwere allowed to

antibody could simultaneously bind both epitopes on a single equilibriate with IgE-bearing cells. We relate measurements

molecule of IgE. We also assumlz = 2J,/n, which is
consistent with ring closure depending on a random walk in
two dimenions 22). Thus, our consideration of rings requires
the introduction of only a single additional parametgr,

of AFL1 to quantities in the model by using the relation
AFL1/AFL1ya= (1 — FIF7)F1/(CS) for 23G3 Fabbinding
to surface IgE and the relatiodFL1/AFL 1= (1 — A/Ay)
A7/(CS) for 23G3 antibody binding to surface IgE, where

After values for parameters are specified, eqs 4 and 5 S, the surface density of 23G3-binding sites on IgE,Rs 2

involve only two unknowns g and w), which can be
determined numerically by using standard methods for
solving systems of nonlinear algebraic equations. Greved
w are known, other equilibrium quantities can be determined
by using equations of Wofsy and GoldsteidQ). For

and AFL1,a is the maximum FITC fluorescence because
of specific binding. In addition t#d, K, Ky, andJ,, the best
fitting values of® for each data set were also determined,
where ® is defined as the theoreticAlFL1, divided by
the largestAFL1 actually observed in experiments.
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§ 10 Table 1: Parameter Estimates
3 ]
E 0.8 bootstrap confidence limits (68%)
s estimaté lower upper
E’O'G | parameter —rings +rings — rings +rings —rings + rings
8 0.4 CS (M) 1 1
5 - K (nM™%) 0.098 0.097 0.066 0.056 0.10 0.10
£ 0.2 KySr 25 1.9 1.8 1.4 2.9 2.3
5 H 0.39 0.39 0.095 0.056 0.46 0.44
£ 009 B P N :]]1 8 g 4 0.000 99 9.1
2 . . .
0.01 01 [2;G3] (1n?VI) 1001000 ® (Fab) 12 12 11 12 16 18
10 @ (intact Ab) 1.1 11 11 11 1.6 1.7
& 4Jb 2 The fitting procedure is repeated 1000 times using randomly drawn
Sosl ensembles of data from Figures 2 and 3. For each parameter, the 1000
P best-fit values obtained are then ordered. The lower and upper
2 0.6 confidence limits correspond to the 159th and 839th values in the
< ordered list” The quality of fits is essentially the same with or without
g04 rings. The estimate ofS is based orC = 1(° cells/mL, St = 2Ry,
QL andRr = 3 x 10° IgE—FceRI per RBL cell ¢2). We assumé, = 0
ks for all n (— rings) orJ; = 0 andJ, = 2J/n (+ rings). Estimates of
3 02 other parameters are the best-fit values consistent with the data of
2 Figures 2 and 3, eq 3, which describes the interaction of 23G3 Fab
0.0 with IgE—FceRI, and eqgs 4 and 5 as written or in extended forms
00 02 04 06 08 10 appropriate for the consideration of ringg0[. These latter equations
[Bound 23G3] (nM) describe the interaction of intact 23G3 antibody with+gfEe<RI. The

Ficure 3: Flow Cytometric measurement of the b|nd|ng of FITC- flttlng procedu_re_ finds p_arameter values that minimize. differences
labeled intact 23G3 antibody to cell-surface IgE. (a) Theoretical Petween predictions derived from eq 3 and data of Figure 2 and,
binding curve is derived from egs 4 and 5 and our best-fit parameter simultaneously, differences between predictions derived from eqs 4 and
estimates for the case without rings (Table 1). Fluorescence dataS Of the more complicated equations of Wofsy and Golds#i4nd

are scaled byAFL1,,, Which is determined from the highest data of Figure 3. In the fitting procedure, an adjustable scaling factor,
observed fluorescence and our estimatebof(b) Scatchard plot. @ (Fab), is used to compare any given raw fluorescence measurement
The data points of a are transformed as described in the caption ofof Figure 2 with the corresponding predicted fraction of IgE-bound
Figure 2. Thus, in making this transformation, we assume that 23G3 Fab obtained from eq 3, and a second adjustable scaling fadtor,
can be treated as a monovalent ligand, which is an approximation. (intact Ab), is used to compare any given raw fluorescence measurement

The curve is derived by using our model to calculate the quantities of Figure 3 with the corresponding predicted fraction of IgE-bound
indicated by the axis labels. antibody obtained from eqgs 4 and 5 or the more complicated equations

of Wofsy and Goldstein40).

To statistically characterize uncertainty in parameter
estimation, we used a bootstrap methdd, (45). Best-fit IgE and that 23G3 does not block binding of IgE taR¢
parameter values were determined, as described above, fowhich also interacts with @ (47). Because each IgE constant
each of 1000 pairs of simulated data sets. Each simulatedregion contains two @3 domains, we can expect IgE to
data set was generated by randomly drawiitimes, a data ~ contain two 23G3 epitopes, although it is conceivable that
point from the corresponding set of experimental data  one of these epitopes may be concealed when IgE binds
points. Initial estimates of parameter values were generatedFc<RI. To determine the number of 23G3-epitopes actually
randomly in these fitting procedures to avoid bidé)( For expressed on surface éRl-bound IgE (one or two), we
each parameter, the 1000 values obtained from bootstrappingneasured the fluorescence of equimolar concentrations of
were sorted in rank order; we then used the 159th and 839thFITC-labeled IgE relative to that of FITC-labeled 23G3 Fab
values to define a confidence interval at the 68% confidencein solution X = 2.1) and the fluorescence of RBL cells
level. Results are reported in Table 1. bearing saturating amounts of FITC-labeled IgE relative to

The data reported in Figures 2 and 3 are representative ofthat of RBL cells bearing an equal number of unlabeled IgE
experimental results. Estimates of parameters using other daténcubated with excess FITC-labeled 23G3 Fab= 1.1).
collected (not shown) are consistent with the estimatis of Under the assumption that reagents used in fluorimetric
reported in Table 1 within a factor of about two. We observed experiments are largely intact and functional, these measure-

greater data-set-dependent variability for estimates, ¢, ments indicate that the ratio of bound 23G3 Ralthe total
and J,, which we attribute to variability in cells and number of IgE molecules resident on the cell surface, which
experimental conditions. In all cases, we estimédted 1. we equate withX/Y, is approximately 1.9 at saturating

Note that parameter estimation depends on a small differenceconcentrations of FabWe conclude that IgE bound to &l
between the association of 23G3 Fdbne IgE-specific ~ expresses two binding sites for 23G3.

epitope) and intact Ab (two IgE-specific epitopes) with cell- ~ 23G3 Is a Potent Secretogue of IgE-Bearing RBL Cells.
surface IgE (cf. Figures 2 and 3). The estimates presentedAs shown in Figure 1, intact 23G3 stimulates degranulation

in Table 1 were judged to be the most reasonable estimatedn a dose-dependent manner. The maximum secretory
obtained. response elicited by 23G3 is typically 460% of that

RESULTS observed with 0.5% Triton X-100 in BSS-squbiIizgq extracts
of RBL cells and 80% of that observed for sensitized cells
FceRI-Bound IgE Expresses Two 23G3 Epitopgésegan exposed to optimal concentrations of hapten-derivatized
et al. 33) determined that 23G3 binds to the3@omain of protein (DNR;—BSA). Thus, 23G3 is a potent secretogue.
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Because the Fc region of 23G3 can potentially interact with
Fcy receptors on RBL cellg4g), which can modulate FE&I-
mediated signal transductiomq), we also assayed the
secretory response of IgE-bearing RBL cells to the (Rab
fragment of 23G3. As can be seen (Figure 1), responses
stimulated by (Fa, and intact Ab are similar. The influence

of Fcy receptors on 23G3-stimulated secretion is subtle if
not absent.

Quantitatve Characterization of 23G3 Binding to Cell-
Surface IgE-FceRl ComplexesBecause 23G3 possesses two
antigen-combining sites and éRlI-bound IgE expresses two
23G3 epitopes (see above), the interaction of 23G3 with
surface IgE is that of a bivalent ligand with a bivalent cell-
surface component. Consequently, 23G3 has the potential
to induce a spectrum of receptor aggregat2®).(It is
impossible to directly observe the spectrum of aggregates,
but receptor aggregation can be inferred using a mathematical
model for the binding reactions of 23G3 and tgEceRI.

To develop a model that can be used for predicting the
distribution of FeRI aggregates induced by 23G3, we used
flow cytometry to monitor the equilibrium binding of FITC- .0~ N
labeled intact mAb 23G3 and its Fadbagment to receptor- 001 01 1 10 100 1000
bound IgE on RBL cells (Figures 2 and 3). The binding data [23G3] (M)
of Figures 2 and 3 were used to test various mathematicalFiGure 4: Predicted 23G3-induced clustering of tgEceRI
models for 23G3 interaction with surface IgE. Theoretical fr?emb%ed)?ﬁs'dggz;ﬁicjiggszcgntgg i%%gztl Vf;}%doeljtcr%”sfig:?;ﬂ"ggh
binding curves, derived from egs8, are plotted in Figures The solidglline indicat%s the fractio’n of receptors in agggregates of
2 and 3. Scatchard plots are also shown. As can be seen, o receptorsff), the broken line indicates the fraction of receptors
simple model for 23G3 interaction with IgE-ceRI (eqs in aggregates of three receptofs),(and the dotted line indicates
4—6) with the parameter values given in Table 1 for the case the fraction of receptors in aggregates of four or more receptors (1
without rings is consistent with the results of our flow — W — f2 — f3). The curves are derived from eqs-@ and the

: : parameter estimates of Table 1 for the case without rings. Note
cytometric measurements. The model of eg®4s a special that, in the absence of cooperativity & 1), the quantities plotted

case of the r.nodell dgveloped by WOfSY and GO|dSt_4@) (" herewould peak at the same concentration of 2338 The curves
for cooperative binding of a bivalent ligand to a bivalent peak at different ligand concentrations because of negative coop-

cell-surface receptor. In this model, 23G3 is considered to erativity in ligand-receptor binding 40). (b) Predictions of the

; ; ; i model with ring formation. Calculations are based on the parameter
b:cncli SI,Eu_rflzziceRllg E v(;”th r:jeg;l tlv;;gg peratl\ll.lty.tagd ;iggl_r egates estimates of Table 1 for the case with rings. Curves in this panel
or g Ce Induce y are limited to finear correspond to those in the panel above, but two additional curves

noncyclic chains (i.e.J, = 0). are shown (dashdot pattern). These curves indicate how receptor
Alternative models were ruled out as follows. The simplest dimers are distributed among linear chains, the more prevalent form
model for interaction of a bivalent ligand with a bivalent of receptor dimer at all ligand concentrations and cyclic rings.
receptor is one without cooperative binding and without ring . ) ) ) ) o
formation @2). If we set the cooperativity factdt in eqs 4 the altt_ernatlve_s con5|de(ed, is one with negative cooperativity
and 5 to unity, the model reduces to this case, but the quality@nd without ring formation. Of course, we cannot rule out
of the fit that we find is significantly less than that illustrated the possibility of some ring formation, although the shape
in Figures 2 and 3 (results not shown), which suggests thatOf the Scatchard plot for 23G3 binding to surface IgE (Figure
a model without cooperative binding is inconsistent with the 3P) is inconsistent with potent ring formation, which would
data. Also, the Scatchard plot for Fatinding to surface ~ cause the Scatchard plot to be concave down in the regime
IgE is concave up (Figure 2b), which is consistent with Where 23G3 binding to surface IgE is loQ). Our fitting
negatively cooperative binding. Furthermore, our bootstrap @nd bootstrap analysis (Table 1) indicates thatas a value
analysis, summarized in Table 1, indicates that the value of Petweeen 0 (which indicates no ring formation) and 9. The
H is less than 1 at the 68% confidence level given the data Value ofJ; is significant if it is much larger thankZR, which
of Figures 2 and 3 (with or without ring formation in the IS estimated to be no greater than about 2 (Table 1).
model). Recall thaH < 1 is indicative of negative cooper- Comparison of FeRI Aggregation with the Degranulation
ativity. The quality of fits is still less than that illustrated in  ResponseUsing a model for 23G3 interaction with IgE
Figures 2 and 3 (not shown) if, witH = 1, we modify the FceRI complexes in which rings are omitted (eqs®@) or
model to include ring-formation reactiondj. Also, fits are in which rings are included, we can predict, based on the
essentially unimproved if ring-formation reactions are in- parameter estimates of Table 1, the 23G3-mediated clustering
cluded in the model (i.e., we remove the restriction that of FceRI (Figure 4) and compare receptor clustering with
requiresl, = 0 and allow the value ol to vary during the the observed degranulation response to different doses of
fitting procedure). For example, the binding curve derived 23G3 (Figure 1). The curves in Figure 4 indicate how
from a model with ring formation (not shown) and the curve receptors are distributed at binding equilibrium into clusters
shown in Figure 3a are overlapping and indistinguishable. of two, three, and four or more receptors as a function of
The simplest model consistent with the data, from among the 23G3 concentration. In addition, in Figure 4b, the

Fraction of receptors in aggregates

Y A
001 04 1 10 100 1000
[23G3] ("M)

Fraction of receptors in aggregates
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distribution of receptor dimers into chains (linear dimers) on the basis of quantitative binding assays (Figures 2 and
and rings (cyclic dimers) is shown. As can be seen by 3), we have developed a mathematical model for the
comparing the curves of Figures 1 and 4a, the formation of equilibrium distribution of IgE-FceRI aggregates induced
receptor dimers is predicted by the simplest model consistentby any given concentration of 23G3 (egs@land Table 1).
with our binding data to peak at a concentration of 23G3 The ability to quantify receptor aggregation, which initiates
(~3.5 nM) that stimulates less than maximal degranulation intracellular signaling reactions, is critical for model-guided
(~60% of the peak response). This result suggests thatquantitative studies of E&I-mediated signal transduction
trimers or larger receptor aggregates, which reach peak(20). 23G3 is a unique reagent for clusteringeR¢ for the
abundances at higher ligand concentrations than dimers, mayollowing reasons. It is a bivalent ligand that triggersRt

play an important role in signaling degranulation. Interest- mediated degranulation, like &gI-specific monoclonal
ingly, when ring formation is considered (Figure 1b), linear antibodies but unlike synthetic bivalent ligands (which are
and cyclic dimers are predicted to reach maximal levels at weak secretogues) and that, in addition, is capable of
different ligand concentrations and the formation of cyclic inducing receptor clusters of different sizes (Figure 4). In
dimers, like the formation of of larger aggregates, is predicted contrast, FeRI-specific antibodies are capable of inducing
to peak at a concentration of 23G810 nM) that is close  only dimers. Oligomers of IgE are also capable of generating
to the concentration that stimulates maximal degranulation. clusters of FeRI of different sizes, but IgE oligomers are

In any case, at very low and high doses of 23G3, for example, structurally heterogeneous. Another advantage of 23G3 over
consider 0.2 and 200 nM, the number of receptor aggregates-ceRI-specific antibodies is that, using a single cell line, one
of any type is predicted by the model with or without rings can vary the number of receptors (lgEceRI complexes)

to be about the same, but degranulation is minimal at 0.2 on the cell surface available to interact with 23G3. This
nM and nearly maximal at 200 nM. These results suggest afeature is attractive because the receptor number is a key
complex relationship between the concentrations of specific parameter that affects ligand-induced receptor aggregation.
aggregate states (e.g., dimers and trimers) and degranulation Because 23G3 has two antigen-combining sites aeRIFc
even when a homogeneous and structurally defined clusteringoound IgE was found in this study to express two 23G3

agent is employed. epitopes, the binding scheme for 23G3 interaction withHgE
FceRI is the same as that for a symmetric bivalent DNP
DISCUSSION antigen interacting with DNP-specific surface IgE. 23G3

Earl di ith lentl linked o ¢ potentially induces a spectrum of receptor aggregates, but
arly studies with covalently cross-linked oligomers of e aggregates are limited to chain- and ring-like structures.
IgE demonstrated that the number of receptors within an r¢ is the case for any bivalent ligand, aggregates with

aggregate strongly affects the magnitude of the secretoryy, ., heq structures are not possible. Our mathematical model

response. IgE dimers were found to be weak secretogues, »3G3 interaction with IgEFcRI is a special case of a
apd far less effeptlve at stimulating secretion than 19E 1 oqel developed for a bivalent ligand interacting coopera-
oligomers containing three or more antibodiés 15, 5_1)' tively with a bivalent cell-surface receptatQ). The simplest

In later studies, Ortega et al§) showed that receptor dimers . jo| consistent with the binding data omits ring formation,

produced by some but not all exam|nedeRt-spg0|f|c which was found not to improve fits when included, and
monoclonal antibodies generate strong secretory signals. Tocooperativity in the model is negative, which we found to
explain these results, it was suggested that orientationalbe necessary for consistency of the m’odel with the binding
properties of receptors within a dimer or the lifetime of @ ya4a The Jatter result suggests that once bound to IgE, 23G3
receptor within an aggregate affect the signaling capacity of might limit access of a second 23G3 molecule tc; the
FeeRI (28). remaining free epitope or induce a conformational change
Additional support for the importance of stereochemical that affects further binding. However, we cannot rule out
constraints in signaling has come from studies of bivalent the possibility that the two 23G3 epitopes oreRt-bound
DNP ligands 29, 30, 52). For RBL cells sensitized with  |gE are instead distinct and independent, which would be
DNP-specific IgE, the bivalent DNP ligand (DGIJys  the case if FeRlI sterically hinders access of 23G3 to one
(N,N'-bis[[e-[(2,4-dinitrophenyl)amino]caproyl]- L-tyrosyl]-  but not the other epitope. This mechanism of negative
L-cystine) triggers only weak calcium and secretory re- cooperativity is possible, because 23G3 andR¥cboth
sponses, even though it efficiently aggregates-gERI recognize sites within the @ domain of IgE 83, 47).
complexes as monitored by binding and functional assays A variety of bivalent ligands that aggregate gEceRI
(29). The failure of (DCT)-cys to trigger a secretory response  complexes have been found to stimulate only weak signaling
has been attributed to its tendency to induce cyclic receptor by FaeRI (9, 15, 16, 30, 51-55). In contrast, 23G3, a bivalent
dimers, i.e., receptor aggregates containing twogEeRI ligand, is a potent secretogue. There are several possible
complexes and two molecules of (DGIys. Receptors in  explanations, one or more of which can account for the
these cyclic dimers apparently have orientational properties opserved degranulation response. It seems that, unlike DNP-
that affect their ab|||ty to initiate Signal transduction, because Carrying |igandsl rings (e_g_, Cyc"c dimeric aggregates
linear dimers have been observed to generate signals an@ontaining two molecules of 23G3 and two molecules of IgE)
stimulate degranulatiorBQ, 52). are not the predominately favored aggregates. Cyclic dimers
Here, we have taken the first steps to characterize theformed with DNP ligands are not stimulatory, and in fact,
degranulation inducing capacity and binding properties of a they may even be inhibitory3Q). Analysis of the binding
reagent that can be used to probe the stereochemicallata for intact 23G3 and Falbagment binding to cell-surface
requirements of signaling-competentR¢ clusters. We have  IgE (egs 1-6) (Figures 2 and 3) suggests that 23G3 induces
shown that 23G3 is a potent secretagogue (Figure 1), andmainly noncyclic aggregates of lgEEceRI complexes. A
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model consistent with the binding data predicts that 23G3- equilibrium binding model provides a valuable reference

induced receptor aggregates consist mostly of linear dimerspoint for studies of 23G3-binding kinetics, because rate

but also include trimers and larger aggregates (Figure 4).constants must be consistent with the equilibrium constants

The configuration of ReRI in 23G3-induced receptor dimers  estimated here.

(and larger aggregates) may also play a role in accounting

for the magnitude of the secretory response. The orientationACKNOWLEDGMENT
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