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ABSTRACT  The aggregation state of type | Fcreceptors {FcRl) on the surface of single living mast cells was investigated by resonance
fluorescence energy transfer. Derivatization of Fc Rl specific ligands, i.e., immunoglobulin E or Fab fragments of a Fc,Rl specific
monoclonal antibody, with donor and acceptor fluorophores provided a means for measuring receptor clustering through energy transfer
between the receptor probes. The efficiency of energy transfer between the ligands carrying distinct fluorophores was determined on
single cells in a microscope by analyzing the photobleaching kinetics of the donor fluorophore in the presence and absence of receptor
ligands labeled with acceptor fluorophores. To rationalize the energy transfer data, we developed a theoretical model describing the
dependence of the energy transfer efficiency on the geometry of the fluorescently labeled macromolecular ligands and their aggregation
state on the cell surface. To this end, the transfer process was numerically calculated first for one pair and then for an ensemble of FC Rl
bound ligands on the cell surface. The model stipulates that the aggregation state of the Fc Rl is governed by an attractive lipid-protein
mediated interaction potential. The corresponding pair-distribution function characterizes the spatial distribution of the ensemble. Using
this approach, the energy transfer efficiency of the ensemble was calculated for different degrees of receptor aggregation. Comparison
of the theoretical modeling results with the experimental energy transfer data clearly suggests that the Fc Rl are monovalent, randomly
distributed plasma membrane proteins. The method provides a novel approach for determining the aggregation state of cell surface

components.

INTRODUCTION

Clustering of the cell surface type 1 receptor for Fc,
(Fc,RI)! domains of immunoglobulin E (IgE) on mast
cells and basophils initiates a cascade of reactions cul-
minating in secretion of mediators of inflammation ( Sir-
aganian, 1988). This system is of intrinsic interest and
also provides a useful model for studying the common
process of signaling across cell membranes induced by
receptor clustering (Gill et al., 1987; Yarden and Ullrich,
1988).

FcRI aggregation can be accomplished via cross-link-
ing of bound IgE by specific antigens or directly by Fc RI
specific antibodies (Ortega et al., 1988). However, it is
still unclear what physical and steric requirements must
be met by the receptor aggregates to effect the cellular
response (Metzger et al., 1986). The search for a physi-
cal definition in terms of cluster size, flexibility, geome-
try, and lifetime of the receptor aggregates is a current
topic of considerable interest and active investigation
(Erickson et al.,, 1986, 1991; Kane et al.,, 1988:
Schweitzer-Stenner et al., 1987; Ortega et al., 1988;
Pecht et al., 1991).

The extent and time course of the clustering process as
caused by the receptor cross-linking is modulated by the
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valency and association state of the receptors in the rest-
ing state. Defining these properties of the Fc RI was the
objective of several experimental studies (Sullivan et al.,
1971; Mendoza and Metzger, 1976; Schlessinger et al.,
1976; McCloskey et al., 1984; Zidovetzki et al., 1986;
Myersetal., 1992). The general conclusion of these stud-
ies was that the Fc RI is monovalent and randomly dis-
persed on the surface of the cells. However, a critical
examination of the cited literature reveals that the aggre-
gation state of the receptor had not been defined inas-
much as the conclusions were based on mobility studies
of the FcRI and, therefore, restricted to mobile recep-
tors. Moreover, the above-mentioned studies also de-
tected a considerable fraction of immobile receptors
(25-50%) (see also Ryan et al., 1988). The aggregation
state of these immobile receptors could not be deter-
mined.

We have investigated the Fc RI aggregation state on
the membrane of mucosal mast cells (line RBL-2H3) by
a different method: fluorescence resonance energy
transfer (FRET), a technique widely used to study pro-
tein aggregation ( Veatch and Stryer, 1977; Chan et al.,
1979; Sims, 1984; Fagan and Dewey, 1986; Hassel-
bacher et al., 1984). Since the extent of energy transfer
depends on the inverse sixth power of the distance be-
tween donor and acceptor fluorophors, the method is
very sensitive to small changes in the aggregation state of
appropriately labeled proteins in the plasma membrane.
It is not straightforward, however, to extract information
concerning the state of aggregation from the data if the
components in question are densely distributed on the
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cell surface. In this case, energy transfer will occur for
aggregated as well as for randomly distributed proteins.
Hence, a correct interpretation of the energy transfer
data requires comparison of the results with a detailed
model description of the experimental situation. In the
first part of this report, we present such a model and
subsequently compare it with experimental results.

A new method has recently been introduced to mea-
sure energy transfer between cellular components on sin-
gle cells under the microscope in which the rate of donor
photobleaching is related to the energy transfer effi-
ciency (Jovin and Arndt-Jovin, 19894, b). The advan-
tages of this technique, denoted photobleaching FRET,
have been discussed and its feasibility established in a
number of experimental studies (Jovin and Arndt-Jo-
vin, 1989qa, b; Kubitscheck et al., 1991). The method
avoids the major problems of measuring energy transfer
by sensitized emission, namely errors due to light scatter-
ing, photobleaching of the fluorescent probes during
data acquisition, and lack of registration of multiple
images. Data of sufficient statistical significance can be
accumulated by multiple repetitions of the measure-
ments. We have applied photobleaching FRET in a
study of donor and acceptor labeled Fc RI bound ligands
on single living mast cells.

In the following, we begin with a brief review of energy
transfer theory and then describe a simple geometrical
model for fluorescently conjugated macromolecular li-
gands bound to cell surface receptors. This geometrical
model is used to calculate the FRET efficiency between a
pair of donor and acceptor labeled ligands as a function
of their separation. In the calculation, we consider two
extreme cases of dye distribution on the receptor ligands.
In the first, a strictly surface labeling of the ligand is as-
sumed, whereas in the second case the distribution of
dye on the ligand is taken to be spatially homogenous.

In the second step of the analysis, we calculate the
spatial distribution of an ensemble of molecules on a cell
surface by means of their pair-distribution function
(Perelson, 1978). We assume an attractive lipid-me-
diated protein—protein interaction potential, u(r), with
different binding energies ( Pearson et al., 1984 ) that lead
to different extents of receptor aggregation. The pair-dis-
tribution functions are calculated by an iterative numer-
ical procedure according to the approach of Pearson et
al. (1983).

Third, the results of the first two steps are combined
and we obtain predictions of the energy transfer effi-
ciency for an ensemble of ligands bound to cell surface
receptors. We modeled two different ligands for the
FcRI, a monovalent Fab-fragment of a IgG class mono-
clonal Fc RI-specific antibody (H10-Fab) (Ortega et al.,
1988) and an intact monoclonal IgE molecule secreted
by the hybridoma clone A2 (Rudolph et al., 1981), also
monovalent for Fc RI. The predicted ratios of the energy
transfer efficiencies of the probes are calculated as a
function of their surface density at different degrees of

receptor aggregation and compared with the experimen-
tal results.

THEORY
FRET

A fluorophore decays from its excited state at a rate k4 by
radiative and nonradiative processes. If nonradiative en-
ergy transfer takes place to a suitable acceptor with rate
k.., the new decay rate & is given by

Ky =ky + k. (B
Forster (1948) showed that
ko = kg (Ro/7)®, (2)

where r is the distance between the donor and the accep-
tor. R, the so-called Forster distance for 50% transfer, is
a constant specific for any given donor-acceptor pair. It
is a function of the refractive index of the medium, the
quantum vyield of the donor in absence of the acceptor,
the orientation between the absorption and emission
transition dipole moments of the acceptor and donor
molecules, respectively, and the overlap integral of the
donor emission and the acceptor absorption spectra. The
energy transfer efficiency E is defined by

E = kel/(ket + kd), (3)

and from Eq. 2 is 0.5 for r = R,. Fluorophores in the
excited state may also be photobleached, i.e., they un-
dergo irreversible photochemical decomposition. The
probability of photobleaching depends on the excited
state lifetime. As a consequence, any process that re-
duces the lifetime (such as energy transfer) will result in
a slower rate of photobleaching. Thus, the photobleach-
ing time constant is increased in the case of energy
transfer (7') compared with that of the same system with-
out energy transfer (1), i.e., in the absence of an accep-
tor. Jovin and Arndt-Jovin (19894a) showed that the en-
ergy transfer efficiency Fis a function of the photobleach-
ing time constants 7’ and r according to:

E=1-1/7. (4)

This equation is correct for donor molecules with uni-
form photobleaching kinetics, i.e., 7. In an experimental
situation, however, there may be distributions of the do-
nor photobleaching rates due to structural heterogenei-
ties, variable donor-acceptor geometry, and varying ac-
cess to oxygen molecules. In a previous article ( Kubits-
check et al., 1991), we asserted that the photobleaching
of an ensemble of donors with a rectangular distribution
of photobleaching rate constants k;,, such that k, €
[ Kiow > Knign] and Kyign < 5« Ky, can still be described by a
monoexponential decay with an effective rate constant
keg = 1/7cq, Where keg =~ (Kiign — Kiow)/2. If the total
distribution is shifted to lower rates by a factor 1- E due
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H10- Fab IgE

FIGURE | Hypothetic binding configurations of IgE and H10-Fab.
The upper part of the figure shows side views of H10-Fab and IgE
molecules bound to FcRI. The H10-Fab is assumed to bind in an
approximately perpendicular orientation with respect to the cell sur-
face. The IgE molecule is bound parallel to but tilted away from the cell
surface (Holowka and colleagues, 1983, 1985; Zhengetal., 1991). The
central section shows topviews. We approximate the bound ligands as
cylinders of the given geometries.

to FRET, a second effective rate constant kg = 1/7.gcan
be determined, in accordance with the expression

Ex~ 1= 1q/Ten (3)

Hence, the energy transfer efficiency E can be obtained
by measuring the photobleaching of donor fluorophores
in the presence and absence of acceptor molecules regard-
less of heterogeneities in the system, if the decay curve
can effectively be described by a monoexponential func-
tion.

Energy transfer between cell surface
receptor bound ligands

Fluorescently labeled ligands approximated

as cylinders

To estimate the energy transfer efficiency between anti-
bodies bound to cell components, we need a geometrical
model for these complexes. Fig. 1 schematically shows
the binding configurations of an Fc RI specific Fab and
of an IgE molecule bound to the Fc RI. We assume that
the Fab-fragment binds with some angle between its long
axis and the normal to the cell surface. The binding con-
figuration of the IgE molecule is sketched according to
the results of Holowka and Baird (1983), Holowka et al.
(1985), and Zheng et al. (1992). We approximate the
shape of the bound molecules by cylinders, the main
axes of which are perpendicular to the plane of the mem-
brane (Fig. 1). This is the simplest model for the binding
geometry that retains the main features of the system,
namely that the IgE molecule is longer and larger than
the Fab molecule.

Energy transfer between two cylinders
on a surface

Isothiocyanates of fluorescein (FITC) and tetramethyl-
rhodamine (TRITC) are the donor and acceptor dyes

utilized for labeling the receptor ligands. They were co-
valently conjugated to amino groups of the proteins. In
an approximation to the real situation, we describe the
labeling of the derived models by a constant dye density
on the surface of the cylinders. This density is deter-
mined by the size of the ligand and the dye/protein ratio.

The efficiency of energy transfer between cylinders
with constant donor and acceptor surface densities must
be calculated numerically. For that purpose, we divide
the cylinder envelope into a number of equally sized sub-
surfaces, each with an equal probability of carrying a
fluorophore. The efficiency E; for energy transfer be-
tween a single donor i and N, acceptors is given by
Dewey and Hammes (1980)

Na
E=1- [1 + 2 (Ro/rij)GJ » (6)
j=1

where r; is the distance between donor i and acceptor j.
The total efficiency E of energy transfer between N, do-
nors and N, acceptors is obtained by averaging over all
donor contributions according to Dewey and Hammes
(1980):

Ny
Es=1/Nd'in' (7)
i=1

The geometry of the cylinders is specified according to
the binding configurations given in Fig. 1. The H10-Fab
has a length of ~80 A (Edmundson and Ely, 1986); we
assign to the corresponding cylinder a diameter ¢ = 80 A
and a height 4 = 70 A (see Fig. 1). An IgE molecule has a
length of ~180 A (Holowka and Baird, 1983). Due to
its proposed bent configuration on the cell surface, we
assume that the respective cylinder (Fig. 1) has a diame-
ter o = 150 A and a height & = 50 A. A recent study by
FRET (Zheng et al., 1992) of the conformation of Fc,RI
bound IgE extends the former results of Holowka and
Baird and proposes a strong bend of the IgE molecules
with a distance of ~70 A between the COOH-terminus
and the antigen binding sites. A rotation of such a bent
IgE molecule, however, produces a cylinder with dimen-
sions close to the above values, which thus seem reason-
able if one disregards the conformational details. E; was
numerically calculated as a function of the separating
distance d between donor and acceptor cylinders; d is
defined as the distance between the projections of the
centers of mass of the cylinders onto the cell surface.
The results of the numerical calculations are presented
in Fig. 2 in which E, is displayed as a function of d for
IgE- and H10-cylinders considering two different values
of dye concentration on the acceptor cylinder (H10: n, =
1.3 and 1.5, IgE: n, = 4 and 11). These values were de-
rived from our experimentally determined dye/protein
ratios of different preparations. E; is independent of the
dye concentration in the donor cylinder. We assumed
that the cylinders cannot interpenetrate, and thus calcu-
lated E (d) only for distances larger than the cylinder
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E(d)

FIGURE 2 Fluorescence resonance energy transfer efficiency E(d) asa
function of the distance d between two cylinders assuming a homoge-
neous dye distribution on the envelope surface ( dashed lines) or inside
(solid lines) of the cylinders. The energy transfer efficiency E(d) was
numerically calculated for the cylinders sketched in Fig. 1 (H10-Fab:
o=80A,h=T0A;IgE: ¢ = 150 A, = 50 A). Number of dye labels in
the acceptor cylinder: H10-Fab: n, = 1.3 (O) and 1.5 (0); IgE: n, = 4
(O)and 11 (A); Forster distance R, = 63 A (Chan et al., 1979).

diameter. As shown in Fig. 2 4, E (d) at direct contact of
the cylinders (d = o) is larger for the H10-Fab (E,(¢) =
0.44 and 0.45 for n, = 1.3 and 1.5, respectively) than for
the more extensively labeled IgE (E,(¢) = 0.28 and 0.32
for n, = 4 and 11, respectively). The slope describing the
decrease of the energy transfer efficiency with distance,
however, is steeper for the H10-Fab than for the IgE cyl-
inders.

To assess the influence of the dye distribution on the
results of the above calculations, we considered a second
completely different limiting case: a constant volume
density of the donor and acceptor dyes in the cylinders.
Using the above numerical approach with the respective
parameters, we again calculated the distance dependence
of the FRET efficiency for a pair of donor-acceptor cylin-
ders. The results of this model are given by the solid lines
in Fig. 2. As for the first model, the FRET is again more
efficient for cylinders in direct contact when using the
H10-Fabs (E,(s) = 0.41 and 0.42 for n, = 1.3 and 1.5,
respectively ) but decreases faster with distance than for
IgE molecules that exhibit a lower transfer efficiency on
contact (E,(¢) = 0.20 and 0.24 for n, = 4 and 11, respec-
tively).

Thus, for the two extreme cases of dye distribution, in
or on the macromolecular ligands, we predict that H10-
Fabs should show a higher energy transfer at small dis-
tances and IgEs at larger distances. This important result
is a consequence of the smaller dimensions of the H10-
Fab compared with the IgE and hence constitutes a gen-
eral feature of the system.

Cell surface distribution of membrane proteins

Using the geometrical model described above for the
macromolecular ligand-receptor complexes, the energy
transfer efficiency is now calculated for ensembles of li-
gands (here bound to Fc,RI) on a surface. We consider
the distance distribution of receptors for different inter-
action potentials that produce an increasing receptor ag-
gregation. For these different cases, we finally calculate
the overall energy transfer efficiency for ensembles of
receptor bound H10-Fab or IgE on whole cells.

The distance distribution of particles is determined by
their pair-distribution function g(r) (McQuarrie, 1976).
Choosing an arbitrary central particle with a radial sym-
metrical interaction potential, the average number
n(r)dr of particles located in a shell of radius r, r + dris
given by

n(rydr = pg(r)2wrdr, (8)

where p is the surface density of the particles. In princi-
ple, g(r) depends on the nature of all existing receptor—
receptor and receptor-lipid interactions.

We assume that the receptor-bound ligands are cylin-
drical with a diameter ¢ and cannot interpenetrate, i.e.,
the potential u(r) = oo for r < 0. Although the sketch in
Fig. 1 suggests that interpenetration of two colliding li-
ganded receptors should be possible, we introduce this
assumption for two reasons. (a) The rotational diffusion
of the receptors occurs on the same time scale as the
translational diffusion, thus hindering approaches closer
than the outer radii of the respective entities. (b) We are
not aware of any experimental studies that could contrib-
ute to a more realistic model of the close range interac-
tion between membrane proteins.

We assume further that attractive forces between the
receptors may be caused by a lipid-mediated protein—
protein interaction potential. The physical basis of this
potential is the distortion of the protein-free equilibrium
configuration of the membrane due to the presence of
proteins, which raises the energy of a bilayer containing
membrane proteins compared with one lacking them.
This potential has been analyzed in detail by Pearson
and co-workers ( 1984), and we describe u(r) for r > o by
Eq. 17 of their work. The potential is characterized by a
correlation length and an interaction energy E,,. A
larger interaction energy would naturally cause an in-
crease in receptor association. We consider interaction
energies E,,, between 0 and 1.5 &7, where k designates
the Boltzmann constant and 7 the absolute temperature.
Such interaction energies correspond to binding energies
of up to 3.75 kJ mol~! at room temperature. Hence,
their strength is assumed to be equivalent to that of sev-
eral combined van der Waals bonds (0.2-0.5 kJ mol™!)
but is significantly smaller than that of hydrogen bonds
or ion bonds (10-30 kJ mol!).

The complete potential u(r) utilized in our simulation
is shown in Fig. 3. The distances are normalized to the
receptor diameter, i.€., 7,4 = 7/ 6 r1- The potential en-
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FIGURE 3 Lipid-mediated protein-protein interaction potential u(r)
as a function of reduced radius r/o (o: diameter of the Fc,RI) with a
correlation length of 2¢ and different interaction energies as indicated
(and according to Fig. 3 of Pearson et al., 1984). The dashed lines
indicate the diameters of the H10-Fab and IgE cylinders compared
with the diameter of the Fc RI. To the right of these dashed lines are the
regions of the potentials sensed by the respectively liganded Fc RI.

ergy function exhibits a minimum at distances just larger
than the particle diameter, correspondingto r/¢ = 1. For
r/ o > 1, the function increases slowly to zero. The radial
range of the attractive forces caused by this potential is
characterized by the correlation length that we assume to
be equal to 20p gy, a value that is in the range of experi-
mental results for membrane proteins (Pearson et al.,
1984). The dashed lines indicate the diameters of the
H10-Fab and IgE liganded Fc RI cylinders in compari-
son with the diameter of the free Fc RI. On the right-
hand side of these dashed lines, the regions represent the
potentials sensed by the respectively liganded Fc.RI as
discussed in more detail below.

To calculate the pair-distribution functions that corre-
spond to this model, we use a modification of the meth-
odology of Pearson et al. (1984) based on an algorithm
of Lado (1968). The pair distribution function, g(r), is
calculated using the Ornstein-Zernike equation

W =en+p [ elle—shhshds, )

where A(r) is the indirect correlation function, defined
as h(r) = g(r) — 1, and c(r) is the direct correlation
function. The integration is carried out in two dimen-
sions extending from —oo to +o0; 5 is a dummy integra-
tion variable. The bold print style indicates a vector on
the surface plane. The approximate Percus-Yevick equa-
tion for ¢(r) (Pearson et al., 1984),

c(r) = g(r){l — e“i T}, (10)

completes the set of equations. The Ornstein-Zernike
equation is of convolution type and can be deconvoluted

by a two-dimensional Fourier transform. The latter re-
duces to the Hankel transform, a one-dimensional trans-
form with a Bessel function kernel, due to the radial
symmetry of A(r). Thus,

h(k) = é(k)/11 — pé(K)1,
é(k) = h(k)/[1 + ph(k)],

(11a)
(11b)

where k is a scalar variable in frequency space. The solu-
tion of these equations is effected by an iteration proce-
dure. Starting with a guess for ¢(r), the Hankel trans-
form é(k),

ék) =2x f: c(r)Jolkr)rdr, (12)

is calculated numerically and used in Eq. 11a to obtain
the Hankel transform of A(r), i.e., A( k). This function is
then transformed to A(r), which is corrected for r < ¢ for
which 4(r) = —1. The corrected A(r) is transformed to
frequency space, and a second approximation of ¢( k) is
calculated from Eq. 1tb. This improved é(k) is trans-
formed to ¢(r) and corrected by the Percus-Yevick rela-
tion for r > ¢. The procedure is iterated until the changes
in subsequent approximations of g(r) are <1073,

The particle density p of the Fc RI on RBL-2H3 cells is
estimated to be 800 + 500 pum~2 (Kubitscheck, 1990).
The relevant specific volume of the FcRI is probably
limited to that of the extracellular domains, i.e., the two
Ig-like domains of the a-subunit that can be approxi-
mated in volume by the variable domains of antibodies
(Blank et al., 1989). Assuming that these domains lie
parallel to the membrane, the maximal diameter is ~70
A. To simplify the numerical computations for the pair
distribution function, dimensionless variables are intro-
duced by using a reduced length scale (7.4 = 7/ ) with
the respective cylinder diameter as unit length. Conse-
quently, the differing diameters o of the Fc,RI-bound
H10-Fab or IgE yield different values for the respective
reduced density po?. The latter is considerably higher
for the IgE-Fc RI complex than for that of H10-Fab-
FcRI or for the free Fc RI. For example, with p = 800
pm~2, reduced densities are 0.04 for FcRI cylinders,
0.051 for H10-Fab, and 0.18 for IgE cylinders. Due to
the difficulty in determining cell surface area and to vari-
ations in the receptor number from cell to cell, there is a
considerable uncertainty associated with the estimation
of the surface density p. Thus, we calculated the neces-
sary correlation functions for densities in an appropriate
range, i.e., from 0.015 up to 0.064 for the Fc RI cylinders
and corresponding values for the respective ligand-re-
ceptor complexes.

The diameters of the H10 and IgE cylinders exceed
that of the Fc RI cylinder. Hence, these receptor-ligand
complexes probe different regions of the interaction po-
tential than the free receptors in the lipid bilayer. For
example, the H10-Fab labeled receptors can approach
each other more closely than the more sterically hin-
dered IgE labeled receptors. Thus, given a distance de-
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FIGURE 4 Pair distribution function g(r/¢) of Fc,RI (approximated
as cylindrical particles of 70 A) at a reduced density pa? of 0.04 as
function of r/ 6. g(r/ o) was calculated according to the numerical algo-
rithm using Eqs. 9-12 and the interaction potential given in Fig. 3.
Binding energies were assumed as indicated. The maximal increase
with the interaction energies, demonstrating a growing extent of aggre-
gation. g(r/s) = 0 for r/c < | since the cylinders are not allowed to
interpenetrate.

pendent attractive interaction, H10-Fab bound recep-
tors may be more extensively aggregated than IgE la-
beled receptors. This size effect was considered in the
numerical computations yielding the pair-distribution
functions by using different regions of the interaction
potential for the two different receptor ligands, as indi-
cated in Fig. 3. The phenomenon would occur for all
possible different interaction potentials and hence is an-
other general feature of the system.

We used the above algorithm to calculate the pair-dis-
tribution functions for the Fc RI, the H10-Fab, and the
IgE cylinders for different surface densities and binding
energies. As an example, results of the calculations for
the FcRI cylinders at the reduced density po? = 0.04
and different binding energies F;, between 0 and 1.5 kT
are shown in Fig. 4. Since we used a hard core potential,
g(r) is zero for r < ¢. The attractive potential causes the
maximum in the function near r = ¢. The increase in the
height of the maximum for increasing binding energies
indicates a growing particle aggregation. To estimate the
amount of aggregation in these cases, we define cylinders
having a distance of ~5 A or less to each other (approxi-
mately the length of a van der Waals bond) as aggre-
gated. This yielded that 2, 3, 4, and 6% of the particles
were aggregated assuming a binding energy of 0, 0.5, 1,
and 1.5 kT, respectively. In other words, even in the
absence of binding energy (0 kT), a certain number of
receptors are aggregated as a consequence of random en-
counters of Fc RI; g(r) approaches unity for large r, for
which the correlations caused by the interaction poten-
tial vanish.

Energy transfer in an ensemble of

receptor ligands

We now consider the total efficiency of energy transfer
E_., in an ensemble of cylindrical particles on a two-di-

mensional surface. The particles are labeled by fluores-
cent donors and acceptors, respectively, at a ratio of 1:1.
The energy transfer efficiency E(r;) for a single donor-
acceptor cylinder pair (i, j) as a function of the distance
r; was calculated numerically as discussed above, and
the result for our specific model is given in Fig. 2. Fur-
thermore, we already determined the pair-distribution
function g(r), describing the average number of accep-
tor cylinders in a shell of radius r, r + dr around a central
donor cylinder for the respective interaction potentials,
cylinder geometries, and particle densities.

Each donor cylinder i encounters n; . acceptor cylin-
ders located at distances r; (j = 1, 2, . . ., m;, ) within a
circle of radius r,. Here, the average number my,,, of
encountered acceptors is found by integration of Eq. 8
from r = 0 to r = r,.. Thus, the individual m;,_(and hence
r;) follow the respective probability distribution. All
these acceptors j contribute an energy transfer efficiency
E(r;) to the total energy transfer efficiency E; of each
donor i, which is calculated by summation over all ac-
ceptors according to Eq. 6. Here, however, not the dis-
tances r; must be used, but rather “effective” distances
r;- The latter are defined as the distances by which the
dye molecules of i, located at a single point, must be
separated from the dye molecules of j, located at another
point, to yield an energy transfer efficiency E (r;):

rs = Ry VI1 — E(ry))/ E,(ry), (13)

where E(r;) corresponds to the energy transfer effi-
ciency of the donor and acceptor cylinders as shown in
Fig. 2. Finally, the contributions of all donors E; must be
averaged according to Eq. 7, yielding the complete en-
ergy transfer E,  of the ensemble.

The approach outlined above to calculate E,, was real-
ized by means of a Monte Carlo simulation. Using a
pseudo random number generator, the distances r; be-
tween donor i and its acceptors j were determined ac-
cording to the particle distribution (cf. Eq. 8). Theoreti-
cally, the r; for all acceptors j have to be determined.
Most of them, however, will be located at distances from
the donor much larger than the Forster radius, such that
their energy transfer efficiency contribution is neglegibly
small. Hence, in the computer simulation, we used the
following procedure. First, we calculated the radii r, of
circles around the donor cylinders, inside which n accep-
tor particles are located, by integrating Eq. 8:

n= f og(r)2wr dr. (14)
0
From this expression, r, was determined for | < n < 5.
Then, the distances of » acceptor particles j from a donor
particle i were determined by the Monte Carlo routine
according to the respective pair distribution function
(r; = r,), and the energy transfer efficiency E; was calcu-
lated, as described above. This was repeated for 104 do-
nor cylinders i. Finally, E,,, was calculated by averaging
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E, according to Eq. 7. We found that already using three
acceptors and hence r; as maximal distance, the ensem-
ble energy transfer efficiency converged even for the
highest particle density (AE,,,/ E.,; < 0.01 for 3 or more
acceptor cylinders)

Thus, for all subsequent computations, we first deter-
mined r; and then located three acceptor particles j
around the donor particles i using an average particle
density according to Eq. 8. This was repeated for 2 - 10*
donors, and finally their energy transfer contributions
were averaged according to Eq. 7. The parameters of
these Monte Carlo computations were the geometric di-
mensions of the cylinders, the particle surface density, p,
the interaction potential, u#(r), the number of acceptor
dyes per protein, n,, and the Forster distance, R,. Fig. 5,
A-D, shows E,, as a function of the reduced density p s>
for the H10-Fab (#, = 1.5) and IgE (#, = 11), assuming
the interaction potentials discussed above, a homoge-
neous dye distribution (7) on the surface or (ii) inside the
cylinders and a Forster distance R, of 63 A (Chan et al.,
1979). The vertical displacement between the curves for
the different binding energies demonstrates that the
smaller size of the H10-Fab cylinders enhances and the
larger size of IgE cylinders diminishes the influence of
the attractive potential on the energy transfer efficiency
of the labeled receptor ensemble. This feature is obtained
for both models of the dye distribution. Corresponding
results were derived for different numbers of acceptor
dye molecules within or on the surface of the acceptor
cylinders according to the respective experimental con-
ditions (H10-Fab: n, = 1.3, IgE: n, = 4; data not shown).

The limited knowledge about cell surface morphology
and thus receptor density also limits the direct compari-
son between the theoretical model and the experimental
results. A solution to this problem is found by noting
that the ratio of the efficiency of energy transfer for cylin-
ders of largely differing size, as in the case of H10-Fab
and IgE labeled receptors, is almost independent of the
receptor density. Fig. 6, A and B, shows the calculated
ratios rg = Ey; / Ey ) as a function of the receptor density
for the indicated values of #, and binding energies. It can
be concluded that the ratios are almost independent of
the assumed dye distribution and receptor density and
hence can be readily compared with the respective experi-
mental results. The graphs are shown for the different
labeling ratios of H10 and IgE. They suggest that high rg
values (>1) must be related to a low or even zero attrac-
tive force between receptors, whereas low ratios rg are
due to aggregated receptors.

In our analysis, we tried to achieve a quantitative esti-
mate of the effect of ligand size on the energy transfer
efficiency between molecules located on a cell surface.
The above conclusions were obtained after considering a
model using specific geometries for the receptor-IgE or
receptor-Fab complexes. It should be stressed, however,
that these conclusions are a consequence of the basic
feature of the experimental system: the different geome-
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FIGURE 5 Ensemble fluorescence resonance energy transfer efficiency
E,,, as a function of the reduced cylinder particle density p 62 in depen-
dence on the attractive interaction energy E;,,. Calculations were per-
formed using a Monte Carlo simulation as described in the text for the
cylinder geometries of the H10-Fab (4 and B) and IgE (C and D)
molecules (see Fig. 1) and for the indicated numbers of dye molecules
n, (i) on the envelope surface or (ii) inside the acceptor cylinder. The
curves were calculated for different binding energies (E = 0 kT [O], 0.5
kT[A],1.0kT[0],and 1.5 kT[<]). The distance between the respec-
tive curves shows that the small size of the H10-Fab increases and the
larger size of the IgE diminishes the effect of the attractive potential on
the energy transfer efficiency.

try of the FcRI ligands used, i.e., IgE molecules and
H10-Fabs. According to our model, the larger size of the
IgE molecule compared with the receptor has the effect
of reducing the interactions leading to aggregation. This
is reflected by the special radial distribution function and
the underlying interaction potential used for the IgE cyl-
inders. The smaller size of the H10-Fab labeled receptors
(a) allows a closer contact between the receptors and (b)
leads to a higher energy transfer efficiency if such a con-
tact occurs. Thus, our model is of general character de-
spite the specific geometric assumptions.

MATERIALS AND METHODS

Cell culture

Rat mucosal mast cells, subclone 2H3 (RBL-2H3), were cultured at
37°C in Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum (Barsumian et al., 1981).

Fluorophore conjugation of the ligands

IgE (hybridoma line A2) and H10-Fab (Fab fragment derived from the
FcRI-specific IgG class mAb H10) were reacted with fluorescein iso-
thiocyanate (FITC, isomer 1) or tetramethylrhodamine (TRITC,
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FIGURE 6 Ratio rg = Ej/Ey, of the calculated fluorescence reso-
nance energy transfer efficiencies E,, (see Fig. 5) as a function of the
reduced receptor density p 2. The stoichiometries of conjugated fluor-
ophores are indicated for H10-Fab and IgE. Fluorophores were consid-
ered to lie either inside the acceptor cylinder (closed symbols) or on its
envelope surface (open symbols). The curves calculated for different
binding energies (symbols as in Fig. 5) show that high ratios 7. are
suggestive of weak or even the lack of attractive forces between recep-
tors. Low ratios rg are indicative of aggregated receptors. The experi-
mentally determined ratios for the respective cases (see arrows) are
only compatible with the assumption of zero or very low interaction
energies.

isomer 5), both dyes from Molecular Probes, Eugene, OR. Conjuga-
tion was performed in borate buffer at pH 9.4 as recently described by
Kubitscheck et al. (1991). The A2-IgE and H10-IgG antibodies were
characterized by Rudolph et al. (1981)and Ortega et al. (1988), respec-
tively. The antibody concentration as well as the labeling ratios were
determined by absorbance measurements using the following extinc-
tion coefficients: ¢(IgE )yg0nm = 300 mM ™' ¢cm™ (Liu et al., 1980);
«(FITC)2500m = 27 mM™" cm™'; «(FITC)490m = 87 mM™' cm™;
e«(H10-Fab)ygoom = 70 mM™' cm™ (Ortega et al, 1988);
e TRITC )y50nm = 12.1 MM~ cm™"; and  TRITC )ss60m = 23.1 mM ™!
cm™'. The absorption coefficients of FITC and TRITC were deter-
mined from the absorbances of standard solutions.

Cell sample preparation for energy
transfer experiments

Microscope coverslips (12 mm diam) were washed successively in 3%
acetic acid, 75% isopropanol, and bidistilled water and sterilized by
autoclaving. RBL-2H3 cells were grown to subconfluence on the cover-
slips in DMEM, 10% FCS. Then coverslips were washed twice with
PBS and incubated with 25 ul of 100 nM FITC-IgE or 100 nM FITC-
H10-Fab in PBS for 45 min at room temperature for the singly labeled,
1.e., only donor bound, samples. For the doubly labeled samples, i.c.,
cells with Fc RI with both donor and acceptor carrying ligands, the
coverslips were incubated with 25 ul of 50 nM FITC-IgE and 50 nM
TRITC-IgE or 50 nM FITC-H10-Fab and 50 nM TRITC-H10-Fab in
PBS. The coverslips were washed again in PBS before being mounted in
a small temperature controlled Teflon chamber filled with PBS (T =
25°C). Cells were allowed to equilibrate in the chamber for 10 min
before starting the measurements.

Photobleaching experiments on
single cells

The experimental setup and the measuring procedure have been de-
scribed in detail elsewhere (Kubitscheck et al., 1991). In short, cells
attached to coverslips were reacted with the appropriate ligands as de-
scribed and photobleached in a chamber mounted in an epi-illumina-
tion fluorescence microscope ( Leitz MPV2; Ernst Leitz GmbH, Wetz-
lar, Germany). Fluorescein was excited by the 495.5-nm line of an

Ar-laser (output power 15 mW). The MPV2 is equipped with an image
aperture used to select single cells for measurements. The fluorescence
from an examined cell was focused by a 95 X 1.32 objective and passed
through a 500-nm dichroic mirror and a 5-nm half-width interference
filter centered at 515 nm. The intensity was measured by an photon
counting system and the data transferred online to a IBM compatible
PC for display and analysis. Data fitting was performed using the X2
minimization program MINUIT obtained from the CERN Program
library (James, 1972).

Fluorescence polarization
measurements

Subconfluent RBL-2H3 cells were grown, released from the culture
dishes, and labeled with FITC-IgE as described (Kubitscheck et al.,
1991). The cells were kept in suspension on ice until they were trans-
ferred to a cuvette for fluorescence polarization measurements. The
496.5-nm line of an Argon laser (Spectra Physics GmbH, Darmstadt,
Germany) was used for excitation and the parallel (1) and perpendicu-
lar polarized (1, ) fluorescence emission was registered at 520 nm (HW
3 nm) with a Czerny-Turner double monochromator (Spex GmbH,
Munich, Germany) equipped with photon counting system (EG&G
Ortec GmbH, Munich, Germany). The sample was illuminated with
an unfocused laser beam (output power 0.2 mW) only during the re-
cording of the fluorescence signal, i.e., 30 s. Under these conditions, the
photobleaching of the FITC was negligible.

RESULTS

We measured the time dependence of photobleaching
fluorescein conjugated IgE-A2 or H10-Fab bound to ad-
herent single RBL-2H3 cells in the absence (singly la-
beled cells) and in the presence (doubly labeled cells) of
the corresponding acceptor (TRITC) conjugated macro-
molecular probe. In a previous study utilizing the pho-
tobleaching technique, FITC-conjugated monoclonal,
DNP-specific IgE were used as donor and the binding
DNP-haptens as acceptor probes (Kubitscheck et al.,
1991). In contrast to this donor-acceptor pair, the accep-
tor of the present study is fluorescent as well. Thus, care
must be taken to check for contributions of TRITC fluo-
rescence to the donor bleaching signal. However, there
was no background fluorescence produced by excitation
of the TRITC-conjugated ligands. This was checked by
comparing the fluorescence of unlabeled cells and
TRITC conjugated IgE labeled cells. The fluorescence
intensities and bleaching characteristics of both samples
were identical (data not shown). Furthermore, visual
inspection of the TRITC fluorescence of the cells (exci-
tation 528 nm, emission above 560 nm) showed the
common ring staining of cells. There were no spots of
TRITC fluorescence indicative of aggregated ligands.
There is the possibility of energy self-transfer between
donors on different IgE or H10-Fab molecules. Such a
self-transfer was not considered in our theoretical de-
scription of the system. To examine this possibility exper-
imentally, we performed measurements of the fluores-
cence polarization of singly labeled cell samples as a
function of the number of IgE-FITC per cell. Energy self-
transfer would lead to decreasing values of the fluores-
cence polarization for increasing numbers of donor
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FIGURE 7 Fluorescence photobleaching of a single FITC-IgE labeled
RBL-2H3 cell. The fluorescence intensity of RBL-2H3 cells carrying
FITC labeled ligands was measured under conditions of strong laser
illumination (496.5 nm, output power 15 mW) as a function of time
(- - +). The solid line is the result of a fitting process with two exponen-
tials (7, = 0.6 s, 7, = 25 s). The first component is due to fluorescein
bleaching (- - -) and the second to the bleaching of the fluorescence
background (- - +), i.e., autofluorescence of the cell and optics.

probes on the cell surface. However, the fluorescence
polarization ratio r, = I;/I, of different samples from
saturation down to 30% occupation of the Fc.RI with
IgE-FITC was constant, and equal to 7, = 1.9 = 0.1. This
indicates that energy self-transfer between different mac-
romolecular ligands was insignificant.

Fig. 7 shows a representative fluorescence bleaching
curve of a FITC-IgE labeled cell. The bleaching curves
contain two components. The amplitude of the large
component (90-95%) varied with the amount of FITC
conjugated antibody per cell and exhibited a bleaching
time constant in the range of one second attributable to
bleaching of fluorescein. The small component (5-10%,
also observed for unlabeled cells) was due to background
fluorescence and had a time constant in the range of
10-20s.

The FRET efficiency E was derived from the photo-
bleaching time constants of the FITC component of the
singly and doubly labeled cell samples according to Eq.
5. We measured routinely 15-30 single cells on each cov-
erslip carrying single or double (IgE- or H10-Fab) la-
beled cells. Each series of measurements was repeated
several times with freshly prepared coverslips. The re-
sults of the analyses, i.e., the FITC bleaching time con-
stant 7, standard deviations, and the FRET efficiency E,
are also given in Table 1 along with the experimental
details of each sample preparation (FcRI ligand, dye/
protein ratio 74, of the mAb preparation used).

The data in Table 1 show the existence of a significant
energy transfer of 0.075 = 0.03 and 0.09 = 0.02 between
the IgE-Fc RI-complexes, for labeling ratios of 3.6 and
11, respectively. The measurements with the smaller and
less conjugated H10-Fab fragments yielded lower FRET
efficiencies: E = 0.045 + 0.01 forn, = 1.5and E = 0.034
+ 0.05 for n, = 1.3. From these results, we derived the
ratios rg = 2.2 and 1.7 for IgE (n, = 4), and the H10-Fab
(n, = 1.3 and 1.5), respectively; for IgE, n, = 11, and the
H10-Fab, n, = 1.3 and 1.5, rg = 2.6 and 2.0. All ratios are
greater than unity and thus, by comparison with our sim-
ulation, in line with the hypothesis of disperse noninter-
acting receptors. To illustrate this conclusion, we
marked the experimental results in Fig. 6, A and B by
arrows together with the respective standard deviations.
It should be noted that Fig. 6 shows the ratios only for
relatively small interaction energies FE;,,.producing re-
ceptor aggregation of up to 6% for E;,, of only 1.5 k7.
Larger interaction energies causing a more extensive ag-
gregation would lead to lower ratio values that are even
less compatible with our data. Two of the experimentally
established ratios (those that were derived from the mea-
surements with the H10-Fab with n, = 1.3) were not
statistically significant, a result we attribute to an insuffi-
cient number of replicate determinations. However,
these data still show that the energy transfer efficiency
was smaller for H10-Fab labeled cells than for IgE la-
beled cells, a result compatible with that derived with the
H10-Fab having n, = 1.5.

DISCUSSION

Energy transfer measurements provide information
about the proximity of suitable donor and acceptor la-

TABLE 1 Fluorescence resonance energy transfer efficiences
between Fc Rl bound ligands on the surface of single RBL-2H3
cells

Rgye* mAb* 7 (0.1 st .19 n,' E-100**
3.5 I-F 52 £0.12 0.7 35
35,36 I-F,I-R 5.7 £0.11 0.7 40 7.5+3
1.1 I-F 46 =0.07 0.35 25
1.1, 11 I-F, I-R 5.0 +0.08 0.4 25 8.1+ 1.5
1.1 I-F 8.12 £ 0.15 0.75 25
1.1, 11 I-F, I-R 9.0 =0.13 0.95 50 9.8 +2.1
1.2 H-F 38 £0.15 0.6 20
1.2,1.3 H-F,H-R 39 +0.17 0.8 20 345
0.8 H-F 4.2 +0.06 0.65 120
08,1.5 H-F,H-R 44 +0.06 0.6 100 451

* Dye/protein ratio.

*1I-F, I-R: IgE-FITC, —TRITC; H-F, H-R: H10-Fab-FITC, —TRITC.
§ Bleaching time constant with standard error of the mean.

I Standard deviation of distribution.

T Number of single cell measurements.

** Energy transfer efficiency with standard deviation according to the
Gaussian error propagation.
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beled cell surface components. We addressed here the
problem of the aggregation state of the Fc.RI on the sur-
face of living individual RBL-2H3 cells by combining
energy transfer measurements with a detailed theoretical
analysis. In the experimental section of this report, two
macromolecular ligands of different geometries cova-
lently derivatized with fluorescent dyes were bound spe-
cifically to receptor molecules on the cell surface. IgE
molecules were bound at their Fc, domains to the type I
Fcreceptors on RBL-2H3 cells, whereas the Fab frag-
ments of a monoclonal Fc RI specific mAb, designated
H10-Fab, were bound by their antigen binding sites. In
the theoretical section, we presented a model describing
our experimental system.

The final conclusion to be drawn from our analysis is
that receptor aggregation should cause a higher energy
transfer efficiency of cells labeled with H10-Fabs (Ey;,,)
compared with cells labeled with IgE molecules (Ey).
That is, the ratio rz = Eg,./Ey,, should equal or be
smaller than unity. The results of our measurements,
however, showed that IgE labeled cells exhibited a higher
energy transfer efficiency than H10-Fab labeled cells for
all values of n,; i.e., rg was greater than unity (see Fig. 6).
According to our theoretical analysis, this result implies
that <5% of the total number of Fc,RI are at a distance of
<5 A from each other on the surface of RBL-2H3 cells.
This conclusion is in agreement with the results of Men-
doza and Metzger (1976), Schlessinger et al. (1976),
and McCloskey et al. (1984 ) with respect to the mobile
fraction of Fc RI deduced from lateral diffusion measure-
ments but extends the findings to the significant fraction
of surface Fc_RI found to be immobile. The combined
theoretical and experimental approach to the analysis of
the distribution of cell surface components is applicable
to any cell system that displays a high surface density of
the component in question and for which specific macro-
molecular ligands of different sizes are available.
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