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ABSTRACT We have determined the specific binding of 2,4-dinitrophenyl (DNP)-haptens to two different monoclonal immuno-
globulin (IgE) molecules bound to Fc.-receptors on the cell surface of single, living rat basophilic leukemia cells subclone 2H3 cells.
The measurements were performed at 40, 150, and 250C using a recently developed technique that permits the quantitative
determination of fluorescence resonance energy transfer between two fluorophores on single cells in a microscope from the
photobleaching kinetics of the donor fluorophore. We introduce here a method for performing binding studies on individual
attached cells. At 250C, the titration studies yielded equilibrium binding constants Kint of 9 108, 8 108, and 8 107 M-1 for the
monovalent haptens N-2,4-DNP-e-amino-n-caproic acid, Ne-2,4-DNP-L-lysine, and N-2,4-DNP-y-amino-n-butyric acid, respec-
tively. Our data indicate that the affinity constants for the first two haptens binding to IgE on adherent cells are 4 to 11 times larger
than that of the corresponding values obtained by fluorescence quenching experiments with the same haptens and IgE molecules
either in solution or bound to cells in suspension.

INTRODUCTION

In mast cells and basophils aggregation of the membrane
receptor for immunoglobulin E (IgE; type I Fc,-receptor
(Fc,RI))' initiates a cascade of reactions culminating in
exocytosis and secretion of granula containing mediators
of inflammation (1). This system is regarded as a model
for studying the initial step of receptor-mediated signal-
ing across biological membranes.

It is not clear, however, what physical and steric
conditions must be met by the receptor aggregates to
trigger the cellular response (1, 2). A physical definition
in terms of the quantity, lifetime, geometry, and flexi-
bility of the molecular complex inducing cell activation
requires further study. One approach is to investigate
the properties and effects of distinct receptor aggregates
involving defined haptenic ligands specific for the com-
bining sites of monoclonal IgE, the physiological media-
tor of receptor aggregation. Divalent haptens of known
length and flexibility have been used as cross-linking
reagents in experiments performed on IgE in solution
(3) and bound to the surface of cells in suspension (4, 5).
The very first step of the cross-linking process is the

recognition and binding of hapten by the IgE. Our
experiments center on this first binding equilibrium. We
examined whether the anchoring of an IgE to the

Address correspondence to Dr. Schweitzer-Stenner.
'Abbreviations used in this paper: BSA: bovine serum albumin; DNP:
2,4-dinitrophenyl; DNP-but: N-2,4-DNP--y-amino-n-butyric acid; DNP-
cap: N-2,4-DNP-E-amino-n-caproic acid; DNP-lys: N,-2,4-DNP-L-
lysine; IgE: Immunoglobulin E; PBS: Phosphate buffered saline;
RBL-2H3: rat basophilic leukemia cells subclone 2H3.

Fcc-receptor affects the affinity of its paratopes to
binding haptens. The answer to this question reflects on
antibody function in general and provides a comparison
of binding experiments of IgE in solution to those of
receptor-bound IgE.

Recently a new method was introduced (6, 7) to
measure fluorescence energy transfer between proteins
or other molecules on single cells in a microscope. Since
the energy transfer efficiency is dependent on the
inverse sixth power of the distance between the donor
and acceptor, information on the structure of appropri-
ately labeled components can be obtained in vivo. By
distance measurements between different proteins the
spatial arrangement of, or functional linkages between,
the molecules in question may be deduced.
The new method uses the photobleaching of the

fluorescence donor to calculate the efficiency of energy
transfer to the acceptor. The validity of this approach
was first demonstrated in a system where fluorescently
labeled lectins were specifically bound to surface mem-
brane glycoproteins and glycolipids on mammalian cells
(7). This method was compared with the determination
of energy transfer by sensitized acceptor emission in a

microscope. Although both methods yield the same

results, the photobleaching method offers distinct advan-
tages in that complex corrections associated with the
determination of energy transfer by combined donor
and sensitized acceptor emissions are avoided.
We have now extended application of this technique

to binding studies performed on single living cells. This
provides a new way to measure affinity constants that
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requires for each titration curve an extremely small
number of cells. We demonstrate that binding curves

can be obtained from energy transfer data for appropri-
ately labeled donor and acceptor molecules. Fluorescein-
labeled, 2,4-dinitrophenyl (DNP)-specific monoclonal
IgE H1-26.82 (8) and SPE-7 (9) served as the energy

donor and monovalent DNP-haptens with different side
chains as energy acceptors (4). Monitoring of the bind-
ing process on the cell surface by energy transfer is
feasible because fluorescein is excited in the visible part
of the spectrum, where only a limited cellular autofluo-
rescence background is elicited. We determined the
equilibrium binding constants of three different haptens
to monoclonal IgE bound to its type I Fcc-receptor on

the surface of live rat basophilic leukemia cells (RBL-
2H3). The data at 40, 150, and 25°C are compared with
those of binding experiments performed with the same

IgE free in solution and bound to cells in suspension.

THEORETICAL BACKGROUND

Resonance fluorescence energy
transfer
In a fluorescence process light of intensity IO excites the
fluorophore (donor) from the ground state Do to a state
D * at a rate kex D * decays with a rate kd by radiative and
nonradiative processes. Introducing a suitable acceptor
A opens a new decay path by nonradiative energy
transfer with rate ket (Fig. 1). Forster's theory (10) shows
that for a single donor-acceptor pair ket is given by:

ket= kd * (RoIR)6, (1)

where Ro is the Forster distance corresponding to 50%
energy transfer, a constant that is specific for a given
donor-acceptor pair. It is dependent on the refractive
index of the medium, the quantum yield of the donor in

FIGURE 1 Photophysical scheme for photobleaching fluorescence
energy transfer. Light of intensity IO transfers the donor fluorophore
from the ground state Do to an excited stateD * with rate ke.D * decays
with a rate kd by radiative and nonradiative processes. Introducing a
suitable acceptor A opens a new path of decay with rate kCt by energy
transfer. Each molecule in the excited state has a given probability to
be destroyed by photobleaching (rate kbl) and then does not further
contribute to fluorescence. Thus a decay of fluorescence (photobleach-
ing) is observed. From reference 6.

absence of energy transfer, the orientation between the
transition dipole moments of the donor and acceptor
molecules, respectively, and the overlap integral of the
donor emission and acceptor absorption spectra. The
energy transfer efficiencyE is defined by:

E = ketI(kd + ket) = 1 - Te/T0, (2)

where tr = l/(kd + ke0) and Te = llkd are the fluores-
cence lifetimes of the excited state D * with and without
energy transfer, respectively. They usually lie in the
range of nanoseconds.

Determination of energy transfer by
photobleaching
Each molecule in the excited state also has a given
probability (rate kbl) to decompose by photochemical
processes (6, 7). Thus the residual fraction of original
molecules contributing to fluorescence gt.,(t) decays
according to:

dgtot (t)Idt = d[g(t) + g*(t)]Idt = -g*(t) * kbl, (3)
where g*(t) is the fraction of donors in the excited state
D * andg(t) the fraction of donors in the ground state. A
decrease in fluorescence with a time constant T; iS
observed. T is in the range of milliseconds to minutes,
depending on the excitation intensity. The calculation of
the time dependence ofg*(t) provides us with a relation-
ship between the photobleaching time constants and the
lifetimes of the excited state.

It is possible, in principle, to measure re and T' directly
in the nanosecond domain and thereby determine E by
Eq. 2. This measurement, however, is technically diffi-
cult, especially in the microscope. A considerable simpli-
fication can be achieved by shifting the examined time
domain by up to nine orders of magnitude using the
above mentioned dependence of r' on T', which is
derived by solving the following two coupled differential
equations:

dg(t)Idt -kex g(t) (kel + kd) *(t) (4a)

dg*(t)/dt = kex g(t) - (k0t + kd + kbl) * g*(t). (4b)

The exciting light increases the occupation of the excited
state, whereas fluorescence and nonradiative processes,

including photobleaching (second term in Eq. 4b), lead
to its depletion.
For g*(0) = 0 at t = 0 and assuming kb, << kex << kd

(condition of low irradiance, see reference 11) we

obtain:

(5)
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T and T2can be approximated as:

(kst + kd)/(keX *k= k kb) (6a)

T2 1/(ket +k + ke.) (6b)

In the ideal case without photobleaching (kb, = 0) Eq. 5

describes a fast transient rise with the time constant T2
due to excitation from the ground state by the incident
light. A steady state is then established with a constant
fluorescence intensity proportional to g*. The transient
is of no importance for the following discussion and,
therefore, the second exponential is omitted in the
equations below. Introduction of photobleaching
(kbl > 0) produces a slow decrease of g* with time
constant Tl' as described by the first exponential of Eq. 5.
Eq. 6a gives the photobleaching time constant T as a

function of T' for the case of energy transfer. In the
absence of energy transfer, i.e., for ket = 0, we get:

T, = kd/(ke.kbl) = (Tekexkbl)f' < Tl. (7)

Thus, energy transfer diminishes the lifetime Te of a

fluorophore in the excited state because it provides an

alternative decay route. As a consequence, the relative
population ofD *, i.e., g* (t), and the rate of photobleach-
ing are decreased.
From Eqs. 2, 6a, and 7 it follows that E can be

calculated from T, and T' according to:

E = 1- T,/T' (8)

The energy transfer efficiency E can be obtained by
measuring the time constants T1 and Tl' by photobleach-
ing experiments.

Finally, it should be noted that basically the same
formalism can be applied to all mechanisms that de-
crease the donor's fluorescence by deactivation of the
first excited singlet state, i.e., for instance charge trans-
fer and collisional processes.

Determination of the mole fraction of
donor-acceptor-pairs by
photobleaching
Energy transfer has extensively been utilized for assess-

ing intra- and intermolecular distances. Here we use it
for the determination of the fraction of bound ligand
molecules as a function of the total ligand concentration.
A covalent conjugate of fluorescein-IgE (monoclonal,
DNP-specific) serves both as energy donor and binds the
acceptor molecule. Energy transfer will only occur in the
bound state because the donor-acceptor distance is too
large when the acceptor is free in solution. Bound DNP
is an effective acceptor for fluorescein despite an unfa-
vorable spectral overlap. This is probably due to the

close proximity of the antibody combining site to the
conjugation site of fluorescein on the employed mono-

clonal IgE's (4).
From the equations above we see that the donor

fluorescence shows an exponential photobleaching with
a time constant dependent on the energy transfer
efficiency. In a system consisting of donor-acceptor-pairs
D-A with mole fraction a and isolated donors D with
mole fraction (1 - a), one can use the difference be-
tween their respective photobleaching time constants to
determine the mole fraction a.

The fluorescence intensity of this system can be
expressed as follows:

F (t)=Fda aot etT + Fd - (1 - a)e-t/'i (9)

where Fd denotes the fluorescence intensity of the free
donor and Fda = El'd the quenched fluorescence of the
donor-acceptor pairs.
The experimental procedure entails recording the

photobleaching kinetics of the system. The constants Fd,
aL, rl, and Tl' can, in principle, be determined by fitting
Eq. 9 to the data. It is well known (12), however, that it is
difficult to reliably determine parameters in a theoreti-
cal expression consisting of sums of exponentials with
similar magnitudes by fitting procedures. To overcome
this difficulty we describe the double exponential kinet-
ics by a single exponential with an effective time constant
Teff, Indeed Teff is equal to T, and Tl' for a = 0 and a = 1,
respectively, since in both cases only one exponential is
retained in Eq. 9. Knowing T, and T we can determine a

from Teff by the following reasoning based upon descrip-
tion of the data given by Eq. 9. A monoexponential fit
yields a time constant Teff' so that the corresponding
variance V(a)

V(a) = {[1 + a(T/IT - 1)] e

-[X * Tl/1r' e- /'' + (1 - a)e-t'"']12dt (10)

is minimal for the condition dV(a)/dt = 0. By solving the
integral and differentiating V(a) we find the following
relationship between a and the bleaching time constants
Teff' T1 and '1:

T- 2{T1,T'/(T1 T'1) - TeffTl/(Teff T1) TeffT'/(Teff T1)J
-t4T 14 /(T, + Tl) + T'l

(11)

Fig. 2 shows a as a function of EeffIEm., where Eeff = 1-
Ti/Teff and Em. = 1 - T/'', for different values of Em£. It

is apparent from Fig. 2 that for E.. < 23%, a is linearly
dependent on the effective energy transfer efficiency Eeff
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FIGURE 2 Theoretical population of binding extent a in the photo-
bleaching method. a was calculated according to Eq. 11 for r, = 1 s
and T' = T1/(l - Emu) for different values of Em. as a function of
Teff. Eeff/Ema, was calculated as a function of Teff too; the graphics show
the corresponding values.

within an error range of +2%. That is

a Eeff/Emax- (12)

Binding model
In our system the donors are fluorescein-labeled mono-

clonal IgE molecules and the acceptor is its specific
monovalent hapten. The binding of a hapten, H, to the
Fab of an antibody is described by a single binding step.
At equilibrium, such a reaction is described by the
mass-action law with an intrinsic association constant

Kint' In binding studies it is often observed that a fraction
of the antibodies binding capacity is lost. To account for
this we introduce the factor = [S]/[S]tot, the mole
fraction of functional hapten binding sites, where [S] .,

and [S] denote the concentration of the total and
functional binding sites, respectively. The expression for
the mole fraction a of Fab-hapten complexes follows
from the mass conservation and mass-action law:

a = 1/2 |-(2 4[SJt0t * [H]t.t)}/([S]t.t ) (13a)

=[S]tOt*t + [H]t.t + Kint (13b)

where [HItot denotes the total hapten concentration. In
the presence of excess hapten such that [S]tot <<[H]«M9
this equation can be simplified to:

a [H]totI(K-t + [H]t.). (14)

In this case a becomes independent of the binding site
concentration and presence of antibodies without bind-
ing capacity is of no consequence.

MATERIALS AND METHODS

Cell culture
Rat basophilic leukemia cells, subclone 2H3 (RBL-2H3), were cul-
tured at 37°C in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal calf serum (13).

Labeling of the IgE-antibodies
IgE labeling with FITC (isomer I; Molecular Probes, Eugene, OR) was
performed in borate buffer at pH 9.4. The labeled protein was dialysed
for 4 d against several 1 liter volumes of phosphate buffered saline
(PBS; pH 7.4) to remove unbound dye. The buffer was exchanged
every 12 h. The dye/protein ratio was 1.2-2:1. The concentrations of
the antibody solutions as well as the labeling ratios were determined by
absorption measurements using the following molar extinction coeffi-
cients: e(IgE)210n = 3 * 105 M1 cm-' (8), E(FITC)2Wnm = 2.7 * 104 M-l
cm-I, and E(FITC)496nm = 8.7 104 M-l cm'1.

DNP-haptens
The monovalent N-2,4-DNP-e-amino-n-caproic acid (DNP-cap), N-2,4-
DNP-y-amino-n-butyric acid (DNP-but), and Ne-2,4-DNP-L-lysine
(DNP-lys) were obtained commercially from Sigma Chemical Co.
(Deisenhofen, Germany) and used without further purification. The
concentrations of the DNP stock solutions were determined by
absorption measurements using the following molar extinction coeffi-
cients: e(DNP-lys),04. = 1.78- 104 M-1 cm-', e(DNP-cap).,.
1.77 104 M-1 cm-', and E(DNP-but)364nm = 1.82 104 M-1 cm-1.

Preparation of cells for energy
transfer experiments
Microscope coverslips (12 nrm diam) were washed successively in 3%
acetic acid, 75% isopropanol, and double distilled water and sterilized
by autoclaving. RBL-2H3 cells were grown to subconfluence on the
coverslips in DMEM, 10% FCS. For photobleaching experiments at
150 and 25°C the coverslips were washed twice with PBS and incubated
with 25 Al of 100 nM FITC-IgE in PBS for 45 min at room
temperature. For measurements at 4°C washing and labeling were

carried out at 4°C. The coverslips were washed again in PBS before
mounting in a small temperature-controlled teflon chamber filled with
PBS at 40, 150, or 25°C. Cells were allowed to equilibrate in the
chamber for 10 min before measurements.

Photobleaching experiments on
single cells
Cells attached to coverslips were labeled with fluorescein-IgE and
photobleached in a chamber mounted in an epi-illumination fluores-
cence microscope (Leitz MPV2, Ernst Leitz GmbH, Wetzlar, Ger-
many; see Fig. 3). The fluorescein was excited by the 496.5-nm line (15
mW) of an Argon-ion laser. To gain uniform illumination of the
sample the beam was expanded by a beam expander. Irradiation was

started by opening a mechanical shutter. Photobleaching was com-

pleted within 30 s. The MPV2 is equipped with an image aperture, the
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filled into a temperature-controlled cuvette (40, 150, or 25°C) with
internal dimensions of 4 x 5 x 35 mm and stirred gently. The hapten
solution was added continuously by a stepping motor driven Hamilton
Co. (Bonadut, Switzerland) syringe; the hapten addition rate was so

slow that the system was in chemical equilibrium at each point of the
titration. The data were collected by and stored in a personal IBM
compatible computer. Appropriate corrections for dilution and inner
filter effects were performed.

In the case of anti-DNP-IgE the intrinsic tryptophan fluorescence
with intensity I0, is quenched to a value I by energy transfer from the
tryptophan residues to the DNP of the bound hapten. The quenching
Q = Io I is proportional to the mole fraction a of the occupied
binding sites and reaches a plateau value Q.m. at saturation. Hence a is
given by:

a = QIQmaxl (15)

FIGURE 3 Instrument for time-resolved fluorescence measurements
on cells. Single cells with receptor bound fluorescein-labeled IgE are
selected by visual inspection and photobleached by laser illumination.
(1) lamp, (2, 7) mirrors, (3) temperature-controlled teflon chamber,
(4) 500 nm dichroic mirror, (6) eyepiece adapter, (8) image aperture,
(9) interference filter 515 nm. The time-dependent fluorescence of
each cell in the temperature-controlled cell chamber (3, 11) is
registered by a photomultiplier (10) with photon counting system.

size of which can be adjusted to the object. This device was used to
select single cells for measurements. Fluorescence from an examined
cell was focused by a Fl oil immersion 95/1.32 objective and passed
through a 500-nm dichroic mirror and a 5-nm HW interference filter
centered at 515 nm. The intensity was measured by an Ortec photon
counting system (EG£G Ortec GmbH, Munich, Germany) and the
data transferred online to an IBM compatible PC for display and
analysis.

Defined amounts of a hapten stock solution were delivered into the
chamber. Photobleaching data were then recorded as a function of the
DNP-hapten concentration [H],0, in the buffer surrounding the cells.
From each coverslip photobleaching data were recorded for at least
three different hapten concentrations: [H],0, = 0 giving the bleaching
time r, for donors alone (a = 0); [H],ot in the micromolar range (a = 1)
giving the bleaching time iT, and hapten concentrations in the
intermediate range resulting in a set of r,,ff values between r, and T;
monitoring the mole fraction of haptens bound to the IgE. Each data
point was determined using a freshly prepared cover slip. From the
thus obtained titration curves the mole fraction a was determined
according to Eq. 12. Thus, measurements on several freshly prepared
cover slips yielded discrete titration curves a([H]T). The condition that
ISI,r, [H],0t was fulfilled for each point of the curve.

Fluorescence titrations of IgE in
solution
The binding of DNP-ligands to the FITC-IgE in solution was mea-

sured by determining the quenching of both the intrinsic protein
tryptophan (14) and the fluorescein emissions. These effects are

presumably caused by nonradiative energy transfer to the DNP-groups
of the ligands (4, 14). Solution measurements were performed on a

MPF-2A Perkin-Elmer Corp. (Norwalk, CT) spectrofluorometer. For
tryptophan the excitation wavelength was 280 nm, half width (HW) 4
nm, whereas for FITC the excitation wavelength was 496 nm (HW 2
nm). Tryptophan emission was recorded at 340 nm (HW 6 nm), FITC
emission at 520 nm (HW 10 nm). The antibody solution (500 ,ul) was

Thus measurement of the tryptophan fluorescence of an IgE solution
upon titrating with DNP-haptens allows the determination of a as a

function of [H]t0,. This method cannot be applied to cell bound IgE
because the tryptophan emission examined contain contributions from
all cellular proteins.

Preparations of cell suspensions for
fluorescence titrations
Subconfluent RBL-2H3 cells were released from the culture dishes
with 4 mM EDTA in PBS, washed twice in PBS by centrifugation at
4°C, and resuspended to a density of 3 * 10' cells/ml in PBS with added
BSA (1 mg/ml). The cells were incubated for 80 min with 100 nm

fluorescein-conjugated IgE at 40C. In this case we used a prolonged
incubation time compared with that for the coverslips to ensure

saturation of the Fc,RI with IgE under the condition of low tempera-
ture and higher receptor concentration. The cells were then washed
twice with PBS and resuspended to a concentration of 107/ml (= 5 nM
Fc,R) and were kept at 4°C until transferred to the temperature-
controlled cuvette for measurements. Cell viability was checked by
trypan blue exclusion after the fluorescence measurements and found
to be greater than 95%.

Fluorescence titrations of cell
suspension
The binding of DNP ligands to fluorescein-conjugated IgE on cells in
suspension was monitored by the extent of emission quenching of the
IgE-bound fluorescein. The 496.5 nm line of an Ar-ion laser (Spectra
Physics GmbH, Darmstadt, Germany) was used for excitation and
emission was registered at 520 nm (HW 3 nm) with a Czerny-Turner
double monochromator (Spex GmbH, Munich, Germany) equipped
with a photon counting system. The cell suspension was filled into the
cuvette described above and was allowed to equilibrate for 15 min at
40, 150, or 25°C. The sample was illuminated with an unfocused laser
beam (output power 0.2 mW) only during the recording of the
fluorescence signal, i.e., for 30 s. The hapten solution was added in
discrete amounts with a micropipette. After each addition the solution
was mixed carefully with a 100-i±l pipette. Thus, a complete titration
curve was recorded in - 15 min. Under these conditions no photo-
bleaching of the fluorescein label occurred. For these experiments the
concentration of hapten binding sites was in the nanomolar range, so

that [S]tot = [H],.,.
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Photobleaching of IgE in solution
Binding isotherms were also determined by photobleaching energy

transfer in experiments on fluorescein-conjugated IgE in solution
titrated with the DNP haptens. These experiments were in principle
carried out in the same way as described for single cells, but with a

different experimental setup. Aliquots of PBS with fixed IgE concentra-
tion and different DNP-hapten concentrations were filled into 1-mm
diam holes in a 1-mm polystyrene plate maintained at 25'C. BSA was

added to the solution to avoid adsorption of the IgE on the container
walls. The hole was closed from both sides with coverslips creating a

chamber which was placed vertically into the path of a - threefold
expanded laser beam (496.5 nm, output power 500 mW). Illumination
was started by opening a mechanical shutter and the fluorescence of a

very small volume at the center of the sample was imaged onto the
entrance slit of a Czerny-Turner double monochromator by a collimi-
nator. The fluorescence signal at 520 nm was registered by a photon
counting system.

Determination of the equilibrium
binding constant Kint
Eqs. 13 and 14 are theoretical expressions that give the dependence of
a on [H],,,, [S],,,, Ki,n, and 1. Eq. 12 indicates how a is determined
experimentally for IgE on single cells as a function of the total hapten
concentration [H],O,. We employ Eq. 14 to fit these data using Kin, and

Em. as fitting parameters. From Eq. 15 the fluorescence titrations of
IgE in solution and cell suspension yield the fluorescence intensity I as

a function of the total hapten concentration of IgE in solution as:

I=Io -ot Q..x (16)

Hence, by inserting Eq. 13 into Eq. 16 a formalism is derived which can

be fitted to the experimental titrations thereby allowing Qm.., Knt, and
to be free parameters. The photobleaching experiments of IgE in

solution were evaluated using Eqs. 12 and 13. To perform all fits we
used a X2-minimization program named MINUIT from the CERN
program library that is described in detail by James (15).

RESULTS

Fluorescence titrations of IgE in
solution
We performed fluorescence titrations of the monoclonal
IgE-H1-26.82 in solution with three monovalent hap-
tens: DNP-cap, DNP-but, and DNP-lys (Fig. 4). The
mole fraction of occupied sites a was determined as a

100

100 150 200 250
Hapten Concentration [nM]

300

FIGURE 4 Steady state fluorescence of tryptophan residues and of
fluorescein (FITC) labels of IgE-H1-26.82 in solution as a function of
the added DNP-lys concentration. The data are already corrected for
dilution. [IgE],,, = 92 nM for the tryptophan and [IgE],0, = 96 nM for
the fluorescein measurement. The solid lines through the data points
are the theoretical titration curves. Ki,, = 6.6- 10' M-', 1 = 0.47,
Q.. = 52.5% for the tryptophan quenching experiment and Ki,, =

6.7-10' M-1, 1 = 0.4, Qma = 17% of initial fluorescence for the
fluorescein quenching experiment.

function of the total hapten concentration according to
Eq. 15. The mole fraction of active hapten binding sites,
l 3, and the equilibrium binding constant, Kino, were

calculated by fitting the data. This was done with a

computer program that used [SIt, the DNP-stock con-

centration, and the hapten addition rate as input param-
eters. The accuracy of the output parameters Kint and
obtained by the fitting procedure is limited by the
experimental error in determining the input parameters
( 2%). This error is emphasized due to the significant
correlation between these two parameters as indicated
by the X2-minimization program Minuit. f3 was found to
be 0.5 + 0.1; this result was reproducible for several
different preparations of IgE-H1-26.82 at all tempera-
tures. The complete results of the titrations at 25°C are

summarized in Table 1. The error range given for the
different entries of the table is the result of several

TASLE i Equilibrium binding constants and maximum energy transfer efficiencies at saturation of binding sites with the respective haptens
at 25°C

Single cells Cell
Solution: Tryp. FITC Suspension

Hapten Kin, (M') E.a, (%) Ki,, (M-') Qmax (%) Q max (%) Ki., (M-')

DNP-cap 9 .108 23 1.2 108 49 16 2 108
DNP-lys 8 .108 21 7.1 10' 52 17 1.2 108
DNP-but 8 10' 18 6.7 107 51 17 1.1 . 108
Error (%) 50 2 10 2 1 30

Qma, refers to quenching in solution and suspension experiments, see Eq. 15 and Fig. 4.
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repeated titrations. These are the result of the coeffi-
cients of variation determined by three to five indepen-
dent measurements. We performed titrations with both
unlabeled and fluorescein-labeled IgE measuring tryp-
tophan quenching. No effect of the label on the equilib-
rium binding constant Km,, could be detected and the
mole fraction of functional sites was approximately the
same.

To check whether adsorption of IgE on the walls of
the cuvette could affect the data, we performed some of
the fluorescence titration curves using very low IgE-
concentrations ([IgE],0, < 30 nM). Within the limit of
accuracy, the intrinsic binding constant did not depend
on the IgE concentration. Hence adsorption effects were
not present.

Photobleaching of fluorescein IgE in
solution
We measured the fluorescence decay due to photobleach-
ing for fluorescein-conjugated IgE in solution as a

function of the total DNP-lys concentration at 250C. The
decay curves were fitted to single exponentials (data not
shown) from which ECff was calculated. Fig. 5 shows the
quantity 1 - Eeff = TdTCff, which corresponds to the
fluorescence quenching value Q of the FITC-IgE titra-
tions, versus total DNP-ligand concentration. Each data
point is the average of 4-8 single measurements (stan-
dard error of the mean = 1%). The IgE concentration
was adjusted to 11 nM. The solid line was calculated
from Eqs. 13 and 16 using the equilibrium binding
constant Kmt, Qma. and 0 for DNP-lys obtained from the
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fluorescence quenching titrations. The good agreement
between the data and the fluorescence quenching exper-

iments attests to the reliability of results obtained by the
photobleaching method.

Photobleaching of Fc.RI-bound IgE
on attached cells
We recorded the dependence of the fluorescence bleach-
ing rates of fluorescein conjugated IgE-H1-26.82 and
IgE-SPE-7 bound to adherent single RBL-2H3 cells with
regard to the total hapten concentration in the surround-
ing buffer. Fig. 6 shows a typical fluorescence bleaching
curve. Such decay curves in general contain two compo-
nents. One has a large amplitude and a time constant of

1 s under the particular illumination conditions ap-
plied. This component represents the photobleaching of
the fluorescein chromophore. The amplitude of the
second component was linearly dependent on the aper-
ture size and its bleaching time constant was in the range
of 10-20 s. This very small component ( - 5%) is attrib-

uted to the background arising from the coverslip and
the immersion oil of the microscope objective. The data
were fit by a sum of two exponentials using the x2-
minimization program MINUIT. Since both the ampli-
tudes and the time constants differed by at least one

order of magnitude the potential problems in fitting the
sum of exponentials mentioned in Theory were not
encountered.
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FIGURE 5 The quantity 1 - Eeff = rdr/Tff determined by photobleach-
ing of FITC-IgE in solution as a function of total DNP-ligand
concentration. (1 - E,) 100 corresponds to the fluorescence quench-
ing Q of FITC-IgE titrations. Each data point is the average of 4-8
single measurements. The total IgE concentration was 11 nM. The
solid and the dashed lines were calculated by Eqs. 13 and 16 using the
indicated values of KI4, and Qmax = 17%. 3 was set to 0.5.

FIGURE 6 Fluorescence bleaching curves of fluorescein-labeled IgE
bound to single cells. The small background due to fluorescence of
buffer and immersion oil of the microscope objective is already
substracted. The full lines are single exponentials fitted to the data.
Bleaching of free fluorescein-IgE (A) is faster (Td = 0.6 s) than
bleaching of the fluorescein-IgE-DNP-lys complex (El: T. = 0.85 s).
DNP-lys concentration in the chamber was 250 nM.
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To obtain the effective bleaching time constant Tefffor
a given hapten concentration, 7-15 single cells were
bleached and their time constants averaged. The results
were found to be independent of cell size and shape.
The coefficient of variation of the time constants was in
the range of 5-10% and the error of the mean in the
range of 1-2%. The averages Of Teff for cells from two
different coverslips, however, differed by up to 30%.
Thus one obtains a rather large scattering of the ob-
served data (Fig. 7). Repeating this procedure at dif-
ferent hapten concentrations, one obtains the titration
curve a([H],05) by virtue of the protocol described under
Material and Methods. Fig. 7 displays the titration
curves for DNP-but, DNP-cap, and DNP-lys measured
at three different temperatures, i.e., T = 250, 150, and
40C.
The concentration of binding sites in the sample

chamber can be estimated by determining the number of
cells and using the known number of receptors per cell
(3-5 105). This yields a [S],05 in the picomolar range.
Therefore, for all points of the titration curve, [S].t <<
[H]tot and Eq. 14 can be used to fit the experimentally
obtained titration curves using Ki.t as a free parameter.
Thus one derives the solid curves in Fig. 7.
Our solution experiments reveal that only half of the

binding sites of the IgE-H1-26.82 samples are active. In
this case a combination of bleaching of liganded mole-
cules with time constant T' and of nonfunctional free
sites with time constant Tjis observed even for saturating
hapten concentrations. Therefore, Teffsat depends on ,
the mole fraction of functional sites, and is different
from T'r. However, from Teff,.t, T1 and it is possible to
calculate 'r by Eq. 11. One still finds a linear relation-
ship between a and E0ff like Eq. 12, where a is related to
the total concentration of functional and nonfunctional
hapten binding sites. Because is known one can rescale
a to the fraction of functional sites a,. In the cases of
IgE-H1-26.82, with 1B = 0.5, Eq. 12 holds provided the
correct T' is used. In summary, the essential result of this
calculation is that the same value for af is obtained either
assuming 50% functional sites and using 'T resulting
from Teffsat as described above, or assuming 100% func-
tional sites and using Tegf5 as T'. This shows that at least
for 2 0.5, the results are independent of the fraction
of inactive sites.
The standard deviations of the K10t values were de-

rived by calculating an upper and lower K11t whose
corresponding titration curves define an area enclosing
67% of the data points.
The results of the fitting procedure for the measure-

ments at 25°C are summarized in Table 1, the equilib-
rium binding constants for all three temperatures are

given in Table 2. The given error for Ki., is the range of

Kint values describing 67% of the data points within their
individual error ranges. The maximal energy transfer
efficiency E..,, = 1 - T1/T' at saturation of the cell bound
IgE with hapten was 22% for DNP-cap and DNP-lys,
but only 18% for DNP-but. For the first two haptens this
is higher than the corresponding values for IgE in
solution obtained by the quenching of the fluorescein
emission of IgE in solution upon addition of saturating
concentrations of DNP haptens. This produces a value
of 16-17% as shown in Table 1.
Comparison of the derived K105 values in Table 2 a for

cell-bound IgE and in solution shows that IgE-H1-26.82
exhibits a higher affinity toward DNP-cap and DNP-lys
when bound to the cell surface than free in solution.
Here again DNP-but shows a different behavior. For
DNP-but the equilibrium binding constant is equal in
both situations.
To illustrate the difference between the intrinsic

affinity of free and (attached) cell-bound IgE for the
binding of DNP-cap and DNP-lys, we calculated the
corresponding titration curves for the Kint-values describ-
ing the binding to IgE in solution (Table 2, second
column). This yields the dashed lines in Fig. 7. It is
apparent that their deviations from the best fit cannot be
explained in terms of statistical errors in spite of the
large scattering of the data.
As a control for our results with IgE-H1-26.82 we

performed similar measurements on a different DNP-
specific, monoclonal IgE produced by a different hybri-
doma clone, i.e., SPE-7. As in the case of the 26.82 IgE, a

quenching of the emission of conjugated fluorescein is
observed, albeit with a higher efficiency (Em, = 23% for
FITC-IgE-SPE-7 using DNP-cap in solution). The mole
fraction of functional binding sites, = 0.7, was higher
than for IgE-H1-26.82, but Km5 was somewhat smaller
(3 + 1 107 M-1). Titration with the same hapten of IgE
bound to adherent, single cells resulted in a Km,5 = 1 +

0.5 * 108 M-l, again a value higher than that for IgE in
solution. The results are listed in Table 2 b.

Fluorescence titrations of FcFRI
bound IgE on cells in suspensions
The dependence of fluorescence quenching on the total
concentration of the three haptens for fluorescein-
conjugated IgE-H1-26.82 bound to cells in suspension
was determined as described above. The data analysis
was performed in the same way as that for the IgE in
solution. In contrast to the IgE-solution measurements,
the concentration of binding sites could only be esti-
mated. Hence we treated it as a free parameter and used
the data to derive [S]., in Eq. 13. The direct
correlation between the concentration of binding sites
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TABLE 2 Equilibrium binding constants for binding isotherms
at 4°, 15°, and 250C for the respective haptens binding to
IgE-HI-26.82 and IgE-SPE-7 In solution, bound to cells in
suspension and to live single cells

Ki., Cell Single
107 M-l Solution suspension cell

(a) Hybridoma clone H1-26.82
40C
DNP-cap 35 3 37 12 248 100
DNP-lys 22 2 22 7 117 50
DNP-but 23 2 18 7 20 10

150C
DNP-cap 16 2 14 5 56 30
DNP-lys 11 2 16 6 103 50
DNP-but 9 2 15 ± 5 29 15

250C
DNP-cap 12 4 19 ± 6 94 40
DNP-lys 7 2 12 ± 6 77 30
DNP-but 7 2 11 ± 4 8 15

(b) Hybridoma clone SPE-7
250C
DNP-cap 3 ± 1 10 5

and Kin, mentioned above limit the accuracy of the K1.,
determination, especially in this analysis where we had
considerably fewer data points for each titration curve as

compared with the fluorescence titrations of IgE in
solution. The results of the data analysis are summarized
in Tables 1 and 2. The errors are coefficients of variation
deduced from two to four single individual measure-

ments. Despite the large uncertainties one can state that
the results of suspension measurements agree well with
those derived from the solution studies.

DISCUSSION

Further corroboration is the fact that the extent of
energy transfer attained at saturation of the binding sites
with hapten is identical for cell suspension and single
cell measurements, i.e., Ema,x 22%. As Table 2 shows,
the binding constants of DNP-cap and DNP-lys to FcERI
bound IgE were found to be 4-11 times higher than
those for binding of these haptens to free IgE in
solution. This finding is unexpected because we, as well
as Erickson et al. (4), find the same binding constants by
measurements in solution and on cells in suspension.
Hence our data indicate that IgE-H1-26.82 bound to
adherent single cells behaves differently than when
bound to cells in suspension. That is, it exhibits an

apparently higher affinity for some ligands. Moreover a

similar effect is observed for the binding of DNP-cap to
IgE-SPE-7. This suggests that the observed effect is not
unique for the IgE-H1-26.82.
One potential critique of the analysis of the titration

curves is that fluorophores bound to targets on the
surface of cells may exhibit broad distributions of
exponential decay rates (16). To check whether this can
affect the linear relationship between the molar fraction
a and the corresponding effective time constant Teff, the
following protocol was employed:

(a) First we assumed that the apparent photobleach-
ing decay rates k' = 1/T'r exhibit a homogeneous
distribution. In a normalized form it is given by:

I(k',u - k'1,) for k', E [k',u, k',,]
f(kl) for k'= (17)

where k u and k',l denote the upper and lower limit of
the interval considered.
The fraction g *(t) of donors in the excited state can

now be formulated by means of the Laplace transform of
f (k'l):

g*(t) = gOf(k)e -kt : e -kit dkl.

Resonance energy transfer measurements on single
attached cells by the photobleaching method yield a

transfer efficiency E of 18-23% for fluorescein-
labeled IgE-H1-26.82 upon saturation with DNP-
haptens bound to the type I Fc,-receptors on living
RBL-2H3 cells. From the measurements carried out at
25°C we derived the equilibrium binding constants Kint =
9* 108, 8* 108, and 8- 107 M` for the monovalent hap-
tens DNP-cap, DNP-lys, and DNP-but, respectively.
These results illustrate the feasibility of performing
quantitative binding isotherms on single, adherent, liv-
ing cells.
Our control experiments, photobleaching of IgE in

homogenous solutions, yield results identical to those of
well-established fluorescence titrations (4). This sup-
ports the reliability of the method and the data analysis.

(18)

The fluorescence intensity F(t) is derived by evaluating
the integral. By regarding the second exponential of the
bleaching curves as a constant background FB, it can be
written as:

FF (e k-,,t' e +FB
F(t) =

(k k',.)t
+ FB, (19)

where Fo is the initial fluorescence intensity at t = 0.

(b) This equation was used to generate a bleaching
curve assuming a distribution interval of k',, = 1.2 s-
and k';, = 2.4 s- .

This bleaching curve was exactly reproduced by fitting
to a monoexponential function with k',;ff = 1.75 s l. The
distribution interval was then increased until a monoex-

ponential fit failed. This occurred for k1, < 0.6 s-' and
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k2,1 > 3.0 s-'. Because all bleaching curves evaluated in
this study can be fitted in terms of a monoexponential
decay, we conclude that for the time regime of the
bleaching process (cf. Fig. 6), the upper limit of the
distribution width was 2.4 s-' corresponding to the above
cited limit. The corresponding effective decay rate is 1.6
s.

(c) In a third step we assume that the decay rate
distribution is shifted to lower rates by a factor of 0.8
owing to energy transfer to an adjacent acceptor. Thus
the effective decay rate is lowered to 1.28 s-'. This
corresponds to an energy transfer efficiency of 20%. By
fitting the respective bleaching curve, one derives an
effective decay rate of kl,ff = 1.27 s-, from which an
energy transfer efficiency of 19.9% was calculated. This
clearly shows that the effective decay rates can be used
to calculate the correct energy transfer efficiency.

(d) To check whether in our binding experiments the
effective decay rate is linearly related to the molar
fraction a of bound haptens, we have generated bleach-
ing curves for different a by using the homogenous decay
rate distributions introduced above. These decay curves
were fitted to monoexponential functions. The corre-
sponding effective decay rates were still found to depend
linearly on the molar fraction.
These model calculations establish that the titration

curves shown in Fig. 7 can be evaluated by means of Eq.
12 even if one assumes that the decay rates exhibit a
quite broad distribution due to spatial and structural
heterogeneities of the target. This confirms the differ-
ence in affinities for ligand binding to adherent-cell-
bound IgE. A satisfactory explanation of this phenome-
non, however, is not yet available.

In conclusion, the determination of energy transfer by
photobleaching of individual cells is advantageous over
measurements of cell suspensions because (a) correc-
tions for spectral overlap are avoided; (b) photobleach-
ing during data acquisition is not a problem; (c) a
fluorescent acceptor is not required; and (d) the cells are
at least perturbed from their adherent state. This means
that the perturbation of sensitive cell systems is as small
as possible. For cells that cannot be cultured and can
only be obtained in small numbers this method of
measuring energy transfer may be the only one applica-
ble. Further, since each single cell is inspected visually
by a microscope it is easy to exclude dead or damaged
cells. The photobleaching method can be applied in a
fluorescence microscope, it is using arc-lamp or laser
excitation. A digital imaging system or a photon count-
ing system is used for the registration of the emission
signal. The digital imaging system (6, 7, 11) has the
advantage of high spatial resolution in the cell yet
requires relatively expensive hardware components. The

measurement with a photomultiplier lacks the option of
spatial resolution but is a cheap, sensitive, and rapid
measuring device. Instruments for measuring fluores-
cence recovery after photobleaching (FRAP) can readily
be adapted for energy transfer measurements.

In this first quantitative application we made an
interesting observation: monoclonal, DNP-specific IgE
molecules display a virtual higher affinity toward its
specific hapten when it is bound to the surface of
attached cells than when it is bound to released cells in
suspension or when it is free in solution.
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